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Abstract 
The outbreak of fire in a concrete structure can have serious consequences, including structural 
damage, loss of property, business interruption, and possibly loss of life. To ensure adequate fire 
performance of concrete structures, detailed knowledge of fundamental mechanical properties of 
concrete at elevated temperatures is crucial. In addition, realistic performance-based structural fire 
design, which has been developed in many countries (e.g. Australia, UK, New Zealand), requires 
detailed knowledge of fundamental properties of concrete at elevated temperatures to be re-examined 
in a holistic and scientific manner. 
Despite extensive research over the past decades, current knowledge of the fundamental 
properties of concrete at elevated temperatures remains primarily based on data collected from 
conventional tests in which inconsistent thermal boundary conditions are highlighted as limitations 
of the current testing method. In addition, the effect of temperature gradients has been intentionally 
minimised when determining the mechanical properties of concrete at elevated temperatures. 
Consequently, the influence of processes linked with temperature gradients, including thermal stress, 
moisture transport, and pore pressures, has not been directly addressed. This gap in knowledge is 
potentially important considering the steep temperature gradients formed within concrete structural 
members subjected to real fires. 
This thesis reports the outcomes of a research programme aimed at re-examining the 
performance of concrete in fire accounting for temperature gradients using a newly-developed testing 
method. This research has taken an integrated approach combining analytical, experimental, and 
numerical studies to investigate the effect of temperature gradients on mechanical properties of high 
strength concrete at the material level, focusing on a standard cylindrical concrete specimen 
(Ф100mm × 200mm).  
The outcomes of the thesis can be summarised as follow: 
- Analytical solution for evolution over time of in-depth temperature in a cylinder specimen 
subjected to a constant uniform heat flux boundary condition was obtained by solving the 
fundamental heat transfer equation.  The analytical solution was demonstrated to agree well 
with numerical solutions using finite difference and finite element methods. This agreement 
gives confidence to the validity and reliability of the three approaches. Such validity of the 
models’ predictions is then confirmed through their good agreement with the corresponding 
measured temperatures during testing of concrete cylinder specimens. 
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- By heating using radiant panels, well-defined and consistently controlled heat flux 
boundary conditions on concrete cylinders (Ф100mm×200mm) were achieved. The 
repeatability, consistency, and uniformity of thermal boundary conditions were 
demonstrated using measurements of heat flux, temperature profile, and compressive 
strength. The newly-developed test setup enabled a more reliable study of the mechanical 
properties of concrete at elevated temperatures under various stress-temperature paths, 
forming the basis for their re-examination with the effects of temperature gradients 
appropriately taken into account.  
- Analysis of the initially obtained data shows that the incident heat fluxes, and thus the 
associated temperature gradients, have potentially significant effects on concrete properties 
at elevated temperatures. Recommendations for further research to quantify such effects 
and to develop models for their inclusion into effective performance-based fire design and 
analysis of concrete structures are also proposed.  
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1.1 Background 
The outbreak of fire in buildings and concrete structures can have disastrous consequences, 
including severe structural damage, significant loss of contents, and possible loss of life. The effect 
of thermal loading from fire on concrete causes the general decrease of its mechanical properties. The 
concrete structures can thus collapse if the reduced capacity of a concrete member is insufficient to 
carry the loads. Therefore, adequate knowledge of concrete structural design for fire loading is an 
essential and necessary requirement. Accordingly, understanding the performance of concrete at the 
material and structural levels is critical. 
During the past decades, much research has been conducted to better understand the 
performance of concrete in fire [1-5]. The predominant approach has been to first derive materials’ 
constitutive models from tests under minimised temperature gradients (i.e., steady-state tests with the 
common supporting argument being to separate as far as pratical the material effects from the 
structural effects). The developed models are then used to analyse the performance of concrete 
structures tested under significant temperature gradients. 
The above approach may require re-assessment [6]. It is questionable whether the materials’ 
constitutive models developed based on test under minimised temperature gradients are 
representative of concrete in structures with substantial temperature gradients. At a given location in 
a test member, for a specific temperature, the concrete would not be the same under different 
temperature gradients due to difference in thermal gradient-induced stresses, microcracking, moisture 
conditions, pore pressures, etc. 
Importantly, in conventional fire testing at both of materials and structural levels, the thermal 
loading experienced by concrete specimens is difficult to be consistently controlled [7, 8]. As a result, 
the effect of temperature gradients within concrte on its fire performance has not been throughly 
investigated. And neither has the influence of processes linked with temperature gradients, including 
thermal stresses, moisture transport, and pore pressures. This gap of knowledge is potentially 
important considering the steep temperature gradients within concrete structural members subjected 
to real fires.  
Meanwhile, engineers have mainly employed prescriptive design methods to ensure structural 
stability in fire for a sufficient period to allow people to escape and fire services to extinguish the fire 
[9]. By adopting this prescriptive method, the gap of knowledge as mentioned above can be negligible 
in design structures in a fire while the stability of structures in fire is still ensured. 
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However, the current trend of the prescriptive approach is to further transition toward 
performance-based fire engineering calculations [9-11], which allow greater flexibility and more 
efficient designs. Therefore, the engineering tools of the prescriptive approach are required to be re-
examined in a holistic and scientific manner to provide correct modelling of the performance of 
concrete in fire, detailed knowledge of fundamental properties of concrete at elevated temperatures 
accounting for the effects of temperature gradients. 
To meet these requirements for the transition mentioned above, these gaps of knowledge are 
required to be urgently addressed. Specifically, a consistent and reliable thermal boundary condition 
for testing concrete in fire need to be established, and the effects of temperature gradients on 
mechanical properties of concrete at elevated temperatures are accordingly required to be clarified. 
1.2 Objectives of thesis 
The main objectives of the thesis can be summarised as follows: 
i. To establish a consistent, reliable and repeatable thermal boundary conditions for the fire 
resistance test of concrete specimens; 
ii. To investigate the effects of temperatures and temperature gradients on the mechanical 
properties of concrete; 
As a starting point for the transition to performance-based fire design, a series of the standard 
cylindrical concrete specimen (Ф100×200mm) was heated under a consistent, repeatable, uniform 
thermal boundary condition. The effects of temperature gradients were then taken account into the 
mechanical properties of concrete at elevated temperatures.  
Using radiant panels to establish accurate and consistent thermal boundary conditions on test 
specimens, this project generated improved knowledge of fundamental concrete properties at elevated 
temperatures: e.g. compressive strength, Young's modulus, and load-displacement curves, accounting 
for the effects of temperature gradients. On that basis, reliable data can be collected and the 
experiment setup can be used for further studies to develop improved constitutive models of concrete 
in fire. 
1.3 Organisation of thesis 
To achieve these thesis objectives above, a combination of analytical, numerical and 
experimental studies was adopted. These are detailed in the body of this thesis, which is divided into 
six chapters. After an introduction in the present Chapter, the study of temperature gradient effects 
on mechanical properties of concrete at elevated temperatures is reported in Chapter 2 to 5.  
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Chapter 2 reviews the current knowledge of concrete performance in fire conditions based on 
the conventional test using a furnace. The physico-chemical changes of concrete are reviewed to 
understand the microstructure behaviour of concrete when exposing to elevated temperatures. The 
details of thermal properties and mechanical properties of concrete at elevated temperatures are also 
presented to highlight the high scatter of experimental results using conventional tests. The emphasis 
is therefore placed on the inconsistent, poorly repeatable thermal boundary condition in fire test and 
the subsequent gap in knowledge – the lacking in understanding of the effects of temperature 
gradients on concrete mechanical properties. Incident heat flux is suggested to be used as an 
alternative thermal boundary condition in fire test to study the effect of temperature gradients on 
mechanical properties of concrete at elevated temperature. 
Chapter 3 focuses on the temperature development in a standard cylindrical specimen 
(Ф100×200mm) under uniform heat flux boundary conditions. Typically, the temperature 
development in concrete under a constant absorbed heat flux and a constant incident heat flux are 
studied using the combination of analytical and numerical studies. Due to the non-uniform 
temperature distribution within the concrete specimen, a weighted average temperature, which can 
represent temperature ranges within the specimen diameter, is calculated. The position of the 
weighted average temperature is then determined to locate the thermocouples in an experimental 
study.  
Chapter 4 is the core of this thesis. This chapter provides a new testing setup using a radiant 
panel system that can actively control the heat flux intensity on the specimen surface. This is crucial 
to study the effects of temperature gradients on mechanical properties of concrete at elevated 
temperatures. The details of experiment preparation and experiment results are presented to highlight 
the highly consistent, uniform and repeatable thermal boundary condition and the high confidence of 
the obtained data. The results are then discussed to emphasise the effect of temperature gradients on 
the mechanical properties of concrete.  
Chapter 5 provides a simple ANSYS model in which a sequential thermo-mechanical coupling 
model has been developed to predict temperature distribution in concrete, and the mechanical 
properties of concrete at a target temperature under different incident heat fluxes. This model is 
developed using available thermal and mechanical models in literature in which the temperature 
gradient effects were not taken into account. The results are then discussed and a recommendation is 
provided. 
Finally, the conclusions arising from the work reported in this thesis and suggestions for further 
works are presented in Chapter 6.  
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2.1 Introduction 
The mechanical properties of concrete at elevated temperatures have been investigated since 
the end of the 19th century [8]. Most studies have relied on the furnace or oven as the main apparatus 
to create the heat boundary condition in tests. The effects of different temperatures and different 
heating rates have been widely investigated using these thermal and mechanical boundary conditions. 
The effects of temperature gradients on mechanical properties of concrete, however, remains 
inadequately quantified. This is due to the application of furnaces and ovens having many limitations; 
typically, the most critical are inconsistent and unrepeatable thermal boundary conditions. These 
limitations may thus affect the experimental results. This Chapter points out the limitations of thermal 
boundary conditions in the conventional test and general knowledge of the mechanical properties of 
concrete at elevated temperature using furnace or oven testing. 
In §2.2, on the basis of reviewing complex heat transfer processes in a conventional test using 
furnace or oven, the thermal loading on test specimens in conventional tests is shown to be difficult 
to reliably control on a consistent and repeatable basis. After discussing these limitations, this 
research was conducted to address these limitations using a new thermal loading generation system. 
As summarised in §2.3, various factors affect concrete properties (both thermal and mechanical 
properties) at elevated temperatures, which can be generally categorised into material and 
environmental factors. Major material factors relevant to this study include aggregate types, 
cementitious materials, concrete strength, and moisture content. The effect of environmental factors 
was considered as well, including heating rate, type of test, target temperature and temperature 
gradient. The effect of temperature gradients has not been properly addressed in the previous research, 
and was highlighted here. 
The thermal and mechanical properties of concrete at elevated temperatures in previous studies 
are briefly reviewed in §2.4 and §2.5. These two sections provide a background of the performance 
of concrete at elevated temperature in conventional tests. While the limitations of thermal boundary 
conditions have no effect on the thermal behaviour of concrete, these limitations could matter in 
mechanical properties of concrete at elevated temperatures. The model of thermal properties of 
concrete in literature was used as input data for the thermal model in numerical modelling, while the 
mechanical properties was used as a reference for comparison in the structural analysis. 
Finally, the theories of concrete spalling in fire conditions are briefly reviewed in §2.6. These 
theories and explanations in this section were used to identify the cause of spalling in new heating 
generation systems or to compare in the case of no spalling. 
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2.2 Conventional materials testing and its limitations 
The mechanical properties and structural behaviour of concrete at elevated temperatures have 
become an important issue to understand its true performance in fire. Therefore, proper knowledge 
of performance in fire is crucial. To study this knowledge, most of the standardised tests for concrete 
performance at elevated temperatures, both at materials and structural member levels, have been 
widely carried out in conventional furnaces and ovens.  
A schematic of key heat transfer processes to highlight thermal loading on test specimens is 
presented in Figure 2-1. The incident heat flux in the furnace results from the combination of the 
convective and radiative heat flux from the gas phase, the radiative heat flux from the furnace walls, 
and possibly from the other test specimens. Therefore, the thermal properties of furnace walls and the 
size of the furnace are the most important factors leading to the inconsistent and poorly repeatable 
thermal boundary condition in furnace testing [7, 12]. 
 
Figure 2-1. Geometry and heat transfer processes in the furnace [13]. 
Much of the discussion in this Section on the inconsistency and non-repeatability of thermal 
loading on test specimens is valid at both of materials and structural member levels. However, this 
thesis focuses on materials testing and constitutive models developed based on such testing.  
When a conventional fire-testing furnace or oven is used, the temperature evolution of the gas 
burners in the furnace is controlled – if thermocouples are used – and the heat-flux to a plate – if plate 
thermometers are used. In conventional material testing, a typically unstressed test would follow this 
sequence: 
i. A specimen is placed into a furnace; 
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ii. The heating rates are intentionally established in a manner such that minimum temperature 
gradients occur; 
iii. To achieve minimum temperature gradients heating rates are significantly slower than 
those typical of real fires; 
iv. As the target temperature is reached, the temperature of the specimen is stabilized; 
v. The specimen is extracted and tested. 
In the other types of tests (stressed and unstressed residual strength), the structural mechanical 
boundary conditions could be different, but the generating of thermal loading follows the same 
procedure of the unstressed test.  
The increase of temperature in the test specimen in the conventional test is directly related to 
the incident heat flux on the specimen’s surface. Through consideration of energy balance at the 
surface of specimen (Figure 2-1), the absorbed heat flux at the specimen surface, q’’s, can be 
approximate as: 
Equation 2-1 ( )'' '' 4. . .s inc s c g sq q T h T Tε ε σ= − + −
 
where, ε: thermal emissivity of material; Tg, Ts: temperature of the gas and of specimen surface (°C, 
K); σ: Stefan-Boltzmann constant (5.67x10-8 W/m2K4); q’’inc: incident heat flux (from a combination 
of gases, furnace walls, and other specimens) (W/m2). The evolution of q’’s at a certain time and space 
is thus highly complex, and accordingly very difficult to be controlled accurately and consistently.  
The limitation of thermal boundary condition in the conventional test can be negligible in the 
case of testing plasterboard and steel material. As shown in Figure 2-2, for the case of plasterboard 
with Biot number much greater than one, Ts approximates Tg - enabling the simple adoption of the 
monitored gas temperature (Tg) as Ts on the specimen surface. For steel with Biot number much 
smaller than one, a single temperature can be assumed for the specimen, also significantly simplifying 
the problem. 
In contrast, the inconsistent thermal loading imposed on test specimens has serious implications 
for the case of concrete with a Biot number close to 1 (see Figure 2-2), where proper characterisation 
of thermal boundary condition is required [7].  
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Figure 2-2. Typical temperature distribution for different materials [7]. 
Due to the limitation of thermal boundary condition in the conventional test, the effects of 
temperature gradients within concrete on its fire performance has not been thoroughly investigated. 
As a result, the influence of processes linked with temperature gradients, including thermal stresses, 
moisture transport, and pore pressures, has not been directly addressed. This gap of knowledge is 
potentially important considering the steep temperature gradients within concrete structural members 
subjected to real fires. 
2.3 Factors influencing the fire performance of concrete 
Concrete is a complex composite made from cementitious materials, water, aggregates and 
admixtures. These component ingredients interact to form hardened concrete that typically consists 
of three phases: aggregates, hydrated cement paste and the interfacial transition zone between those 
two phases. The behaviour of concrete during both heating and cooling process is therefore dependent 
not only on the physico-chemical changes of each individual phase but also on the complex 
interaction between these changes. In this section, major factors that influence the fire performance 
of concrete are reviewed, with a focus on those closely relevant to the thesis project. 
2.3.1 Concrete ingredients 
a. Types of aggregate 
The effect of aggregate types on the mechanical properties of concrete at elevated temperatures 
has been investigated in many studies [14-19]. Generally, the high-temperature performance of 
concretes with different aggregate types (calcareous and siliceous) varies over a wide range - And 
this variation differs significantly at different temperatures. 
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Concrete with calcareous aggregate has been shown to exhibit higher fire performance and 
better spalling resistance than concrete with siliceous aggregate [20, 21]. Figure 2-3 shows the 
variation of relative strength, which is the ratio between concrete strength at elevated temperature to 
that at ambient temperature, of different concretes containing calcareous and siliceous aggregates. 
Figure 2-3 shows that, after a possible slight increase in temperature less than about 200°C, the 
relative strength significantly decreases with increasing temperature. The strength of concrete with 
calcareous aggregate is reduced by 10% at 600°C, and by 70% at 800°C. The decomposition of 
calcium carbonate from about 600°C is an endothermic reaction, resulting in higher stability of 
calcareous concrete at high temperature. The loss of siliceous concrete strength is around 60% at 
600°C, which is approximately six times higher than that of calcareous concrete strength. Further, 
both strengths of siliceous and calcareous concrete are reduced by about 70% at 800°C. The 
significant difference between the calcareous and siliceous is clearly showed at a temperature of 
600°C. However, the difference between the siliceous and calcareous concrete is insignificant at the 
temperature below 500°C, and may be negligible. 
 
Figure 2-3. Relative compressive strength of concrete at elevated temperatures: Effect of aggregate 
type and water-to-cement ratio [17]. 
Besides the effect of decomposition of calcium carbonate, key factors that contribute to the 
higher fire performance of calcareous concrete include: 
i. Higher specific heat, which helps limit the endothermic reaction of different concrete 
components at elevated temperatures [18, 19]; 
ii. Smaller coefficient of thermal expansion, resulting in lower thermal stresses upon 
heating. A typical coefficient of thermal expansion for calcareous aggregate is 1x10-5 
/°C, which is about one-fifth of that of siliceous aggregate [15]. 
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b. Cementitious materials 
The typical composition of Portland cement paste includes tricalcium silicate (C3S), dicalcium 
silicate (C2S), tricalcium aluminate (C3A), tetracalcium aluminoferrite (C4AF), and gypsum (CSH2). 
Upon mixing with water, ongoing hydration of these compounds leads to the formation of hydration 
products, including CSH-gel and calcium hydroxide, which improve the strength and other properties 
of the concrete. Depending on the nature, porosity and relative content of these hydration products, 
the fire performance may differ significantly between different types of concrete. Calcium hydroxide, 
for instance, decomposes from about 400°C, resulting in significant microcracking and increased 
strength loss. Accordingly, concrete with lesser amounts of calcium hydroxide tends to have better 
fire performance. 
Sarshar and Khoury [18] investigated the effect of types of cement paste on the mechanical 
properties of concrete. The effect of four types of cementitious materials were investigated:  (i) P-
OPC with 100% ordinary Portland cement; (ii) P-SF with 90% OPC and 10% silica fume; (iii) P-PFA 
with 70% OPC and 30% pulverized fuel ash; and (iv) P-Slag with 35% OPC and 65% ground 
granulated blast furnace slag. P-Slag and P-PFA concrete had better fire performance than that of P-
OPC concrete, while P-SF had the lowest fire performance of the four concrete types investigated. 
This was possibly due mainly to the lower content of available calcium hydroxide in P-Slag and P-
PFA concretes because of its reaction with slag and pulverized fly ash during their hydration. While 
silica fume also reacted with calcium hydroxide, the very fine nature of the pore network in resulting 
P-SF concrete led to significantly higher pore pressures as well as associated microcracking and 
possible spalling. 
i. The Slag concrete and PFA concrete is have the best fire performance among four types 
of cement due to the lowest proportion of calcium hydroxide (Ca(OH)2) [18]. When the 
temperature is of between 400 – 600°C, the calcium hydroxide decomposes into calcium 
oxide and water, resulting in the shrinkage of cement paste [15]. This process leads to the 
appearance of microcracking between aggregates and cement paste. Therefore, the lowest 
proportion of calcium hydroxide in Slag and PFA helps reduce microcracking and 
increases the stability of these types of concrete in fire.  
ii. The OPC concrete has lower fire performance than Slag and PFA concrete but has higher 
fire performance than SF concrete. The OPC concrete maintains approximately 90% of its 
strength up to 300°C. Concrete strength reduces significantly because the chemically-
bound water is permanently lost and the microcracking is formed after the temperature of 
300°C [15]. 
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iii. The SF concrete has the worst fire performance in the group of four types of cement paste 
concrete [18, 22]. The application of SF is to reduce the permeability of concrete, thus 
resulting in higher concrete strength [19]. Therefore, this SF concrete has a higher 
moisture content and takes longer to reach equilibrium with ambient temperatures. As a 
result, when SF concrete is heated to elevated temperatures, the pore pressure is very high, 
resulting in the spalling of the concrete surface and significant loss of strength at elevated 
temperatures. 
2.3.2 Types of concrete 
The change in mechanical properties of concrete at elevated temperatures may differ 
significantly between normal strength concrete (NSC) and high strength concrete (HSC), as reported 
in many studies [19, 23-26]. General agreement is that the loss of strength due to exposure to elevated 
temperatures is significantly higher in HSC compared to NSC [19, 23, 26]. Reported results in one of 
the studies [23] are illustrated in Figure 2-4 in which the more significant loss of compressive strength 
of HSC test specimens compared to that of NSC samples at temperatures of up to 900°C is clearly 
evidenced. 
Two main reasons have been suggested for such substantial differences in the change in 
mechanical properties between concrete specimens of different strength levels; both reasons are 
related to the porosity and pore structures of corresponding concretes [25] and are, as follows: 
i. Upon heating, the hydrated cement paste briefly expands initially but subsequently 
experiences significant shrinkage while the aggregates undergo continuous expansion. 
This may result in severe bond loss and significant microcracking [25]. Such bond loss 
and microcracking are related to the cement-to-aggregate ratio: the higher the cement-
to-aggregate ratio, the more severe the bond loss and microcracking at elevated 
temperatures. 
ii. HSC has much finer pore structures with substantially lower porosity and pore-
connectivity compared to NSC. This tends to result in higher pore pressures in HSC 
specimens, which in turn leads to more severe microcracking and a higher tendency of 
spalling. Spalling, once occurred, reduces the remaining cross-section available to carry 
further loading and exposes the inner concrete to more intense heating, leading to more 
severe strength loss. 
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Figure 2-4. Relative compressive strength at elevated temperatures of normal- and high-strength 
concretes [23]. 
2.3.3 Heating rate – temperature gradient 
The effects of heating rates, associated with the temperature gradients, on mechanical properties 
of concrete have been investigated by many researchers [15, 18, 24, 27]. However, these effects have 
not been properly quantified in conventional tests due to the poor consistency and repeatability of the 
thermal boundary condition (see section 2.2). The heating rate adopted in the conventional materials 
tests, is usually chosen between 0.2 and 32 (°C/min) to create the different temperature histories in 
the concrete specimens. 
 
Figure 2-5. Effect of heating rates on residual strength of OPC paste specimens [18]. 
The different heating rates have different influences on the mechanical properties of concrete. 
When using a fast heating rate, the concrete specimens will be exposed for a shorter exposure time, 
resulting in lower moisture content loss. Moisture loss is one of the most important factors that 
influence the reduction of concrete the mechanical properties. The higher the loss of moisture content 
loss, the lower the reduction of mechanical properties. Therefore, the mechanical properties of the 
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concrete specimens with faster heating rates are usually higher than those with slower heating rates 
[18, 24].  
In addition, a fast heating rate is believed to result in a larger reduction of mechanical properties 
of concrete [27]. This is because a fast heating rate creates higher temperature gradients in concrete 
specimens increasing the internal stresses of the specimen. The internal stresses are due to the higher 
differences between the temperature of the surface and the core of the concrete specimen, leading to 
the appearance of microcracking. The microcracking causes the reduction of mechanical properties 
of concrete at elevated temperature. 
However, these counteracting explanations above for the effect of heating rate may not be valid 
in the case of the conventional heating procedure in which the test specimen are kept at target 
temperatures up to 2 hours to achieve a thermal steady state. Consequently, the moisture loss of 
identical concrete specimens in different heating rates should be identical. Therefore, the effect of the 
heating rate, associated with the thermal stresses has not been properly addressed. In addition to the 
effect of heating rates, Hertz [15] believed that the temperature difference between the surface and 
core of concrete cylinders (150mm diameter) may reach 400°C when using rapid heating rate (10 or 
20°C/min), possibly destroying the concrete specimen before it is tested. Therefore, the true effect of 
temperature gradients on material levels has not been properly addressed by using conventional 
testing. 
2.3.4 Moisture content 
Moisture content has been recognised as one of the most important factors that influence the 
behaviour of concrete at elevated temperatures [15, 19, 25, 28, 29]. If all else being comparable, test 
specimens with higher moisture content tend to have an increased propensity for spalling mainly due 
to the higher pore pressures [15, 19, 29].  
Ideally, the moisture condition of test specimens should closely reflect that of relevant concrete 
structures in practice. While curing in a “standard room” of controlled temperature and relative 
humidity results in moisture conditions comparable to those in mature concrete in real structures, 
water curing leads to high moisture content in test specimens similar to concrete during construction.  
When a specific moisture condition has been chosen, ensuring the consistency in moisture 
condition in all relevant test specimens is critical. Common curing methods to achieve specific 
moisture conditions are summarised in Table 2-1.  
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Table 2-1. Common methods for curing specimens for testing at elevated temperatures. 
Curing 
method Brief description Advantages Disadvantages 
Standard 
curing 
[30] 
- 7 days in water, 
followed by 
additional 90 days in 
the room of 25°C 
and 50% relative 
humidity 
- Concrete moisture condition 
representative of that in real 
structures; 
- Consistent moisture 
conditions between test 
specimens; 
- Minimal moisture exchange 
between test specimens and 
ambient environment during 
the transition period between 
the curing and actual testing; 
- Time- and effort- 
consuming; 
Water 
curing 
[31] 
- In water until test 
date 
- Consistent moisture 
condition among test 
specimens; 
- High moisture content 
- Possible inconsistency in 
moisture conditions among 
specimens following their 
removal from water; 
Oven-
heating 
curing 
[17] 
- 28 days in water, 
followed by oven 
drying at 105°C for 
one day before 
testing 
- Consistent moisture 
condition among test 
specimens 
- Low moisture content 
- Unrealistic moisture 
conditions of test specimens  
- Possible significant 
moisture exchange between 
test specimens and ambient 
environment after oven 
drying, which is difficult to 
quantify. 
According to Phan and Peacook [31], in order to achieve a consistent moisture content in all 
specimens, concrete specimens need to be cured in water until test day. However, the moisture content 
in these specimens is typically higher than the humidity of the environment leading to moisture 
exchange between the specimens and the environment, especially after removal from a water curing 
tank. Thus, the moisture content may vary among test specimens. The high moisture content may also 
cause an undesirably increased risk of explosive spalling of the test specimens.  
In contrast, moisture content within the specimens is kept consistent and lower after heating in 
the oven [17].  In an oven, concrete specimens experience a preheating process at 105°C for 24 hours, 
leading to some unpredictable physical and chemical reactions of concrete and a lower moisture 
content than in the environment. Concrete specimens absorb moisture from the air around the surface 
of specimen surface after removal from the oven. Controlling the moisture absorption rate in the 
specimen is difficult which leads to the variation of the moisture contents of tested specimens. 
Due to the moisture content being higher and lower than the environment using water or oven-
heating curing, the assessment of the fire performance of concrete structures could be inaccurate. 
Therefore, standard curing for concrete in fire tests is possibly the best solution for achieving 
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consistent moisture contents between specimens and minimal moisture exchange between concrete 
specimens and the ambient environment. 
2.3.5 Types of test 
Many studies [19, 23, 26, 28-30, 32] have proven that strength of concrete at elevated 
temperature is affected by the type of test. Three types of tests are used; stressed test, unstressed test, 
and unstressed residual test (see Figure 2-6):  
• In the unstressed test, the unloaded specimen is heated to the target temperature and 
then loaded to failure while hot.  
• By contrast, in the stressed test, the concrete specimen is heated to the target temperature 
while under loading. The loading is subsequently increased until specimen failure.  
• In the unstressed residual test, the concrete specimen is heated to the target temperature, 
then allowed to slowly cool to ambient temperature. The concrete specimens are then 
loaded until failure.  
 
Figure 2-6. Schematic of temperature and loading histories for the three common types of test. 
The strength of concrete in the stressed test is usually higher than that in the unstressed and 
residual unstressed test [25, 28].  For example, the strength and Young’s modulus of concrete under 
the stressed test (20% initial compression load) is higher than those in the unstressed test (Figure 2-7). 
The failure process of concrete in stressed tests are delayed because the development of 
microcracking cannot easily develop. The influence of temperatures on concrete are markedly 
reduced in the stressed test as compared to unstressed or residual unstressed test. 
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Figure 2-7. Effect of load levels on stress-strain behaviour of the concrete specimens at elevated 
temperatures [28]. 
2.3.6 Target temperatures 
The behaviour of concrete at elevated temperatures can be considered as the physico-chemical 
change of concrete microstructures at different target temperatures. Figure 2-8 and Table 2-2 
summarise the transformations and physico-chemical changes of concrete components during 
heating. 
Table 2-2. Major physico-chemical changes of concrete components at elevated temperatures [28]. 
Temperature 
(°C) Major physico-chemical changes of concrete components 
20-80 Increase in hydration, slow capillary water loss and reduction in cohesive 
forces as water expands 
100 Marked increase in water permeability, up to hundred-fold 
80-200 Increase in the rate of loss of capillary water and then physically bound water 
80-850 Loss of chemically bound water 
150 Peak for the first stage of decomposition of calcium silicate hydrate (CSH) 
300+ Marked increase in porosity and micro-cracking 
350 Break-up of some river gravel aggregates 
374 Critical point of water when no free water is possible 
400-600 Dissociation of Ca(OH)2 into CaO and water 
573 α-β transformation of quartz in aggregates and sands 
550-600+ Marked increase in ‘basic’ creep 
From ambient temperature to 120°C, the hydration of concrete happens continuously together 
with the participant of moisture content, leading to the increase of mass skeleton [5, 33]. When the 
temperature reaches 100°C, the physically absorbed water is evaporated first; with the capillary water 
being completely evaporated in a small element of concrete. However, the evaporation of capillary 
water does not significantly influence the mechanical properties of concrete, while the chemically-
bound water has a major influence on mechanical properties of concrete [5]. As can be seen from the 
Figure 2-8, the mechanical properties of concrete at 100oC generally start changing because of the 
beginning of chemically-bound water loss and the hydrothermal reactions.  
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At the temperature range from 120°C to 400°C, the loss of chemically-bound water from the 
dehydration of CSH and CH becomes a major influence on the mechanical properties of concrete, 
especially when the temperature is above 110°C [5, 33-35]. The dehydration process has a peak at 
270°C [15]. The chemically bound water is continuously released in this range of temperature, 
contributing to the development of gas pressure and vapour pressure. These pressures possibly lead 
to the explosive spalling in both HSC and NSC. In addition, the microcracking, which results from 
the thermal incompatibility between cement paste and aggregate, may be formed in this temperature 
range, and the strength loss of concrete cannot be recovered after 300°C [15].  
From 400 to 650°C, concrete experiences two major phase changes, include CSH/CH 
dehydration and the decomposition of CaCO3 [5, 33, 35]. The decomposition of CH starts happening 
at around 400°C and reaches a peak at around 535°C. The α-β quartz transformation in aggregate also 
contributes to the reduction of concrete mechanical properties. In addition, the decomposition of 
calcium carbonate occurs around 400°C. Therefore, concrete has further significant changes at this 
range of temperature. 
 
Figure 2-8. Major physico-chemical processes in Portland cement concrete [28]. 
The decomposition of CSH gel, a strength-giving compound of cement paste, continues above 
600°C, and reaches a peak at around 710°C [15, 17]. The shrinkage of concrete continues at 
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happening at this range of temperature. When the temperature reaches 800°C, concrete experiences 
almost a complete loss of strength. Concrete starts melting at approximately 1200°C. 
2.4 Thermal properties of concrete 
In order to know the thermal properties of the concrete specimen, some common methods were 
adapted in this study [36]. For instance, specific heat was determined using both a differential 
scanning calorimeter (DSC) and a differential thermal analyser (DTA). DSC is used for temperatures 
up to 600 °C while DTA is used for temperature above 600 °C. Non steady-state hot wire methods 
determined the thermal conductivity of concrete, and a thermogravimetric analyser (TGA) measured 
the mass loss of concrete. These thermal properties of concrete were not affected by temperature 
gradients because the size of the specimen in these testing methods was very small. For instance, 
concrete specimens were cut into appropriate sizes to determine the thermal conductivity and thermal 
expansion, while concrete specimens were grinded to determine the specific heat and mass loss [36]. 
Thermal properties of concrete are influenced by not only the type and content of constituent 
ingredients used to make the concrete but also curing and testing conditions, temperature level, and 
heating rate, among other factors. A number of models have been proposed for fundamental thermal 
properties of concrete [33, 36-39]. In this thesis, relevant models as proposed in Eurocode 2 [40] and 
Kodur and Sultan [36] were adopted in the subsequent numerical modelling in Chapter 3 and 5.  
2.4.1 Thermal conductivity (k) 
The thermal conductivity of a material indicates the rate of heat conducted through that 
material. Eurocode 2 provides two equations for the upper and lower limits (Equation 2-2 and 
Equation 2-3) of the thermal conductivity of normal weight concrete at elevated temperatures. These 
limits are plotted against temperature in Figure 2-9.  
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Figure 2-9. Thermal conductivity of concrete [40]. 
2.4.2 Thermal deformation 
European Standard [40] gives some specific equations (Equation 2-4 to Equation 2-7) to 
determine the thermal strain εc(T) of different types of concrete at elevated temperatures. 
For concrete with siliceous aggregates: 
Equation 2-4 4 6 11 3
20 700
( ) 1.8 10 9 10 2.3 10
o o
c
C T C
T T Tε − − −
≤ ≤
= − × + × + ×
 
Equation 2-5 
3
700 1200
( ) 14 10
o o
c
C T C
Tε −
< ≤
= ×
 
For concrete with calcareous aggregates: 
Equation 2-6 4 6 11 3
20 805
( ) 1.2 10 6 10 1.4 10
o o
c
C T C
T T Tε − − −
≤ ≤
= − × + × + ×
 
Equation 2-7 
3
805 1200
( ) 12 10
o o
c
C T C
Tε −
< ≤
= ×
 
The relationship between thermal strain and temperature [40] is shown in Figure 2-10. 
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Figure 2-10. Thermal elongation of siliceous and calcareous aggregate concrete. 
2.4.3 Specific heat (cp) 
The specific heat of a material is the amount of energy (in joules) that is needed to increase the 
temperature of one unit mass (1 kg) of the material by 1°C. Some specific equations of specific heat 
of concrete are shown in Equation 2-8 to Equation 2-11, and plotted in Figure 2-11. 
Equation 2-8 
20 100
900( / . )
o o
p
C T C
c J kg K
≤ ≤
=
 
Equation 2-9 100 200
900 ( 100)( / . )
o o
p
C T C
c T J kg K
< ≤
= + −
 
Equation 2-10 200 400
1000 ( 100) / 2( / . )
o o
p
C T C
c T J kg K
< ≤
= + −
 
Equation 2-11 400 1200
1100( / . )
o o
p
C T C
c J kg K
< ≤
=
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Figure 2-11. Specific heat of concrete. 
2.5 Changes of concrete mechanical properties at elevated temperatures 
This sections shows: 
(1) There is a significant variation in the mechanical properties of concrete at elevated 
temperature reported in different studies. This wide variation is possibly a result of the combination 
of the following three factors: 
i. Variation in concrete properties: concrete properties are dependent on its composition. 
Therefore, different concrete will exhibit different thermal and mechanical properties, 
especially at elevated temperatures. In addition, due to the likely variation in constituent 
ingredients (especially moisture condition of aggregates), concrete of different batches 
made from seemingly identical mix design might differ. 
ii. Inconsistent thermal loading imposed on specimens: as highlighted in Section 2.2, the 
thermal loading on test specimens in conventional furnaces or ovens is inconsistent and 
poorly repeatable.   
iii. Experimental errors: the experiment depends on many factors, including the skill of the 
researchers, measurement methods and measurement machines. As a result, the final 
output of a typical experiment is very different among the studies, even though all factors 
are consistent. 
(2) The effect of temperature gradients has not accounted for the current constitutive models of 
material in fire, but the temperature gradient is always available when testing structural elements or 
studying the behaviour of structures in fire. Meanwhile, the stress gradient and pore pressure gradient 
are directly related to the temperature gradients in both material and structural levels. The lack of 
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consideration of the temperature gradient effects on the material level could lead to a critical gap of 
knowledge when studying material behaviour in fire. However, this gap of knowledge cannot be 
addressed when using conventional test due to the limitations of the thermal boundary conditions in 
the furnace or oven testing as discussed in Section 2.2. 
2.5.1 Compressive strength 
The compressive strength of concrete at elevated temperatures is affected by various material 
and envinronmetal factors, which have been reviewed in Section 2.3. The change in the compressive 
strength of concrete at elevated temperature has been investigated by many previous studies [41-44]. 
To facilitate the comparison of outcomes from different studies on different types of concrete, the 
relative strength, which is the ratio of concrete strength at elevated temperatures to that at ambient 
temperature, has been commonly used.  
Equation 2-12 
6 2 10 3'
'
1.012 0.0005 1 20 100
100 8000.985 0.0002 2.235 10 8 10( )
0.44 0.0004 800 1000
0 1000
o
o
c
o
c
o
T T C
T CT T Tf T
f T T C
T C
− −
 − ≤ ≤ ≤
 
< ≤+ − × + × 
=
 
− ≤ ≤
 
 >  
 
HSC (siliceous aggregates) 
Equation 2-13 
6 2 10 3
'
6 2 10 3
'
'
1.01 0.00068 1 20 200
200 4000.935 0.00026 2.13 10 8 10
( ) 400 8000.90 0.0002 2.13 10 8 10
0.44 0.0004 800 1000
0 1000
55.2 80
o
o
oc
c
o
o
c
T T C
T CT T T
f T
T CT T Tf
T T C
T C
f MPa
− −
− −
 − ≤ ≤ ≤
 
< ≤+ − × + × 
 
= < ≤+ − × + × 
 
− ≤ ≤
 
> 
≤ ≤
 
Equation 2-14 
7 2 10 3'
'
'
0.8 0.0005 1.0 20 500
500 8000.96 0.0008 5.17 10 4 10( )
0.44 0.00004 800 1000
0 1000
80 110
o
o
c
o
c
o
c
T T C
T CT T Tf T
f T T C
T C
f MPa
− −
 − ≤ ≤ ≤
 
< ≤
− − × + × 
=
 
− < ≤
 
 >  
< ≤
 
HSC (calcareous aggregates) 
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Equation 2-15 
'
6 2 9 3
'
1.01 0.0006 1.0 20 200
( ) 1.0565 0.0017 5 10 5 10 200 900
0 900
o
oc
c
o
T T C
f T T T T T Cf
C T
− −
 − ≤ ≤ ≤
 
=
− + × − × < ≤ 
 < 
 
Table 2-3. The compressive strength equations of concrete at elevated temperatures. 
Reference Compressive strength at elevated temperature (unstressed test) 
Lie and Lin [44] 
'
'
20( ) 2.011 2.353 1
1000
c
c
Tf T
f
− 
= − ≤ 
 
 
Lie, Rowe [45] 
'
'
(1 0.001 ) 20 500
( ) (1.375 0.00175 ) 500 700
0 700
o
oc
c
o
T T C
f T T T Cf
C T
 − ≤ ≤
 
=
− < ≤ 
 < 
 
European Standard [40] 
'
'
1 100
( ) (1.067 0.00067 ) 100 400
(1.44 0.0016 ) 400
o
oc
c
o
T C
f T T T Cf
T C T
 ≤
 
=
− < ≤ 
 
− < 
 
ASCE Manual [46] 
'
'
1 20 450
20( ) (2.011 2.353 ) 450 874
1000
8740
o
oc
c
o
T C
Tf T
T Cf
C T
 ≤ ≤
 
− =
− < ≤
 
< 
 
 
Li and Purkiss [42] 
3 2
'
'
( ) 0.00165 0.03 0.025 1.002
100 100 100
c
c
T T Tf T
f
      
= − + +             
 
Hertz and Sørensen [47] 
8 642
'
'
1 2 8 64
( ) 1/ 1c
c
T T T Tf T
f T T T T
      
  = + + + +             
 
Siliceous aggregate: 1 2 8 6415000, 800, 570, 100000;T T T T= = = =  
Lightweight aggregate: 1 2 8 64100000, 1100, 800, 940;T T T T= = = =  
Other aggregates: 1 2 8 64100000, 1080, 690, 1000;T T T T= = = =  
Chang, Chen [48] 
'
'
1.008 0 20 800
450ln( / 5800)( )
(1.01 0.00055T) 20 200
1.15 0.00125 200 800
o
c
o
c
o o
T T C
Tf T
f T C
T C T C
  
+ ≥ < ≤  
  
=
 
− < ≤
 
− < ≤  
 
A number of mathematical models have been proposed for predicting the compressive strength 
of concrete at elevated temperatures. Equation 2-12 to Equation 2-15 show the compressive strength 
of concrete at elevated temperatures developed by Aslani and Bastami [41]. Figure 2-12 and Figure 
2-13 show the comparison of Aslani’s models and some previous constitutive models are shown in 
Table 2-3. Significant variations exist among predictions by different models. Such significant 
variations are possibly due to the combined effect of (i) the variation of concrete properties, (ii) 
experimental errors, and (iii) inconsistent thermal loading imposed on specimens, as highlighted in 
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Section 2.5. However, the contribution of each of these sources cannot be assessed in conventional 
fire tests in furnaces or ovens. 
 
Figure 2-12. Comparison relative strength based on Equation 2-12 to Equation 2-15 of NSC and 
HSC (calcareous and siliceous aggregate). 
 
Figure 2-13. Comparison relative strength of similar concrete at elevated temperatures. 
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2.5.2 Young’s Modulus 
The Young’s modulus shows the ability of concrete to resist deformation under loading. The 
higher the Young’s modulus of concrete, the smaller the deformation of concrete under load. The 
Young’s modulus of concrete at high temperature is affected by the similar factors that affect the 
compressive strength of concrete [25] that is discussed in Section 2.3.  
Aslani and Bastami [41] suggested a model of Young’s modulus of concrete at elevated 
temperature by using regression analyses based on experimental results (Equation 2-16). A 
comparison between the suggested models with the models in previous studies (Table 2-4) is shown 
in Figure 2-14. 
Equation 2-16 7 2 10 3
1.0 20 100
( ) 1.015 0.00154 2 10 3 10 100 1000
0 1000
o o
o ocr
c
o
C T C
E T T T T C T CE
T C
− −
≤ ≤

= − + × + × < ≤ 
 > 
 
Table 2-4. Young’s modulus of concrete at elevated temperature [41]. 
Reference Compressive Young’s modulus at elevated temperature  (unstressed test) 
Anderberg and 
Thelandersson [49] 
' '( ) 2 (T) /cr c cTE T f ε=
 
BS 8110 [50] ( ) (700 / 550)cr c cE T T E E= − ≤
 
Schneider [43] 
Normal weight concrete: 
( 0.001552 1.03104) 20 600( )
( 0.0025 0.25) 600 1000
o o
cr
o o
c
T g C T CE T
E T g C T C
− + ≤ ≤
= 
− + < ≤ 
 
Lightweight concrete: 
( ) ( 0.00102 1.0204)cr
c
E T T gE = − +
 
' '
201 ; 3.0
100
ci ci
c c
f fTg f f
−
= + ≤
 
20oC ≤ T ≤ 1000oC 
Li and Purkiss [42] ( ) (800 / 740) 1cr
c
E T TE = − ≤
 
Chang, Chen [48] 
4.5
0.00165 1.033 20 125( )
1/ (1.2 18(0.0015 ) 125 800
o o
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o o
c
T C T CE T
E T C T C
− + ≤ ≤
= 
+ < ≤ 
 
 
or 
 
[( ) 0.00165 1.033 20 600o ocr
c
E T T C T CE = − + ≤ ≤ 
 
Significant variations exist among predictions by different models. Such significant variations 
are possibly due to the combined effect of (i) the variation of concrete properties, (ii) experimental 
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errors, and (iii) inconsistent thermal loading imposed on specimens, as highlighted in Section 2.5. 
However, the contribution of each of these sources cannot be assessed in conventional fire test in 
furnaces or ovens. 
 
Figure 2-14. Comparison relative Young's modulus of similar concrete at elevated temperatures. 
2.5.3 Stress and strain relationship 
In structural design of heated reinforced concrete, the entire stress-strain curve, often in 
idealised form, must be considered as a function of temperature [9]. The full stress-strain curve of 
concrete at elevated temperatures is influenced by many derived properties including ultimate stress, 
maximum strain, and the mechanical energy dissipated. Some of the stress-strain models are shown 
in Figure 2-15 and Figure 2-16. 
In previous studies, the stress-strain behaviour of concrete is determined at constant temperature 
and the function of temperature is derived from a test performed at different levels of constant 
temperature. Therefore, the stress-strain behaviour represents the behaviour of the concrete at 
constant elevated temperature, and the effect of temperature gradients is not properly considered. As 
a result, the properties do not represent dynamic fire exposure where the structure thermo-hydro-
mechanical state of the structure changes throughout the concrete cross-section [9]. 
The lack of consideration of the fire dynamic or the effect of temperature gradient on the stress-
strain behaviour is possibly due to the limitation of the conventional test in which the thermal loading 
imposed on the concrete specimen surface is poorly repeatable and inconsistent as discussed in 
Section 2.2. 
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Figure 2-15. Stress-strain curves for concrete with pre-loads at elevated temperatures [51]. 
 
Figure 2-16. Stress-strain curves for normal strength concrete at elevated temperatures [21]. 
2.6 Spalling of concrete in fire 
Spalling is the violent or non-violent breaking off of layers or pieces of concrete from the 
surface of a structural element when it is exposed to high and rapidly rising temperature as 
experienced in fire [9]. Spalling leads to the reduction of a cross-section of concrete structures, loss 
of materials, and especially the direct exposure of reinforcement with fire. Some kinds of spalling 
(aggregate, surface, corner, explosive spalling) in which explosive spalling occurs is considered the 
most serious phenomenon of concrete at elevated temperature, leading to high risk to structures and 
people in a fire conditions. Spalling has, for this reason, a disadvantageous effect, and reduces the 
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level of safety of concrete structures in fire conditions. Unfortunately, due to inadequate knowledge 
of spalling, developing a reliable theory and experimental procedures to quantify the fire-spalling 
performance of concrete is necessary. 
Spalling of concrete in fire has been explained as due to the following reasons, including: 1) 
pore pressure spalling; 2) thermal stress spalling; and 3) combination of pore pressure and thermal 
stress spalling (Figure 2-17)  [52]. The relevant information of these causes will be highlighted 
together with its drawbacks in some circumstances. 
- Pore pressure spalling: Vapour pressure is developed inside concrete specimen upon the 
heating process. The development of vapour pressure depends on the permeability of 
concrete, initial moisture content in concrete, heating rate, and tensile strength of concrete 
[52]. Spalling will occur because the intensity of vapour pressure exceeds the tensile 
strength of concrete. This theory is also be explained as the “pressure cooker.” However, 
this theory seems not to be used to explain the different spalling in various sizes of concrete 
specimens. Spalling usually occurs in large specimens as compared to a small specimen 
under the same structural boundary condition. This can be explained by the different thermal 
boundary condition, which is usually insufficiently investigated in fire testing. In addition, 
pore pressure cannot fully develop to exceed the tensile strength of concrete in small 
specimens because of the rapid escape of heat and moisture from the specimens. This 
argument does not explain the removal of the effects of moisture on spalling concrete. For 
example, the use of PP fibre in concrete at elevated temperatures is done to reduce the effect 
of vapour pressure leading to spalling concrete. In other words, the effect of vapour pressure 
seems to be a contributing factor to spalling, not as a major reason leading to spalling 
concrete. 
- Thermal stress spalling: Thermal stress development in concrete specimens is because of 
the effect of different temperature gradients through the specimen depth. In different 
temperature profiles, compressive stresses develop close to the surface of the specimen, 
while tensile stresses develop in the cooler layer. This difference leads to internal cracking 
at the transition zone between compressive and tensile stress, leading to thermal cracking 
and spalling concrete at elevated temperatures, especially in high thermal temperature 
gradients. However, this theory is not a well-argued explanation due to the properties of 
concrete at elevated temperatures. Concrete is actually not an elastic material, and its 
thermal properties change at elevated temperatures. For instance, concrete shows not only 
expansion but also shrinkage (due to degradation) at elevated temperatures. 
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- The combination of pore pressure and thermal stresses: Spalling concrete is due to the 
combination of vapour pressure and thermal stresses at elevated temperature. This 
combination leads to the development of internal cracking, which are parallel to the surface 
of the specimen. 
Despite adopting these theories above, spalling has been observed on an inconsistent basis in 
most previous studies [23, 53-57]. In many studies, even for test specimens of seemingly “identical” 
properties within the same test series, spalling was observed in some but not others. A clear universal 
explanation for such inconsistent observation is not available. However, as both pore pressure and 
thermal stress are closely related to the temperature gradients, the inconsistent thermal boundary 
condition in conventional tests is thought an important contributing factor. 
 
Figure 2-17. Combination of compressive, thermal stress and pore pressure [52, 58]. 
2.7 Summary and Conclusions 
This Chapter has first reviewed the general knowledge of the performance of concrete in fire, 
which has been developed by adopting the conventional test using a furnace or oven.  
In general, the change of mechanical properties of concrete at elevated temperature is affected 
by both material and environmental factors. Due to the complex composite nature of concrete, the 
behaviour of concrete during both the heating and cooling process is therefore dependent not only on 
the physico-chemical changes of aggregates, hydrated cement paste, and interaction zone but also on 
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the complex interaction between these changes. In addition, the heating rate, moisture content, and 
temperature-loading path contribute to the different performance of concrete in fire conditions. 
Despite many intensive research studies in the last decade, the mechanical properties of 
concrete has significant variations reported in different studies. These significant variations of 
mechanical properties of concrete is due to (i) variations in concrete properties, (ii) the inconsistent 
thermal boundary conditions, and (iii) possibly experimental errors. 
While the variation of concrete properties and experimental errors can be eliminated, the use of 
conventional tests cause the thermal loading experienced by concrete specimens to be difficult to be 
accurately and independently controlled. In addition, the current constitutive models have been 
primarily derived from tests which purposely minimized the effect of temperature gradients, typically 
much lower than those experienced by concrete in real fires. Subsequently, the effect of temperature 
gradients on fire performance of concrete has not been properly addressed.  
Therefore, establishing a high repeatability, consistent, and uniformity thermal boundary 
condition when testing concrete in fire is necessary. In addition, the mechanical properties of concrete 
at elevated temperatures need to be re-examined using a high consistent and repeatable thermal 
boundary condition to take into account the effect of temperature gradients.  
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3.1 Introduction 
The increase of temperature in a cylindrical concrete specimen is directly dependent on the 
thermal boundary conditions at the exposed surface of the specimen. When the conventional fire-
testing furnace or oven, and the temperature boundary condition are used, the temperature evolution 
of gases is controlled by using thermocouples, and the heat flux is controlled if a plate thermometer 
is used. However, the heat flux boundary condition on the test specimen is inconsistent and poorly 
repeatable as reviewed in Section 2.2. The changing of the thermal boundary condition parameter is 
thus necessary. 
This chapter investigates the temperature evolution and profiles along the cylindrical specimen 
radius using incident heat flux as the parameter of study. 
In Section 3.2 the temperature evolution in the simplest case of constant incident heat flux 
without any heat loss on the surface of the specimen and temperature-independent thermal properties 
of the specimen are determined using both an implicit analytical study and a numerical model. In 
order to solve the heat transfer model, the same assumptions have been used in both models.  
The numerical model is then used to predict the temperature development in the most 
complicated case, which is a time-dependent absorbed heat flux on the specimen surface and 
temperature-dependent thermal properties of a specimen. The details of this calculation are presented 
in Section 3.3. 
To provide a high level of confidence in the calculation presented herein, the results of the 
analytical and numerical studies are compared with others in each case of the thermal boundary 
conditions and thermal properties of the specimen. Once agreement is achieved among the models 
investigated, the numerical models are then developed to predict the temperature development in the 
general case as in experimental study (see Chapter 5). 
Different incident heat fluxes at the exposed surface of the cylindrical specimen create different 
temperature profiles, associated with different temperature gradients, along the cylindrical specimen 
radius. Therefore, a weighted target temperature needs to be determined in order to compare the effect 
temperature gradients at a target temperature of the cylindrical specimen. More importantly, the 
position of weighted temperature is critical to locate the thermocouples on the specimen’s radius in 
an experimental study (see Chapter 4). The details of weighted average temperature and its position 
are presented in Section 3.4. 
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3.2 Temperatures in cylindrical specimen subjects to a constant absorbed heat flux 
3.2.1 Analytical solution of the heat transfer model 
Consider the case of an infinitely long cylinder of radius a subject to a uniform constant 
absorbed heat flux qs’’. Initially, the cylinder has a uniform temperature T0 throughout. 
 
Figure 3-1. Cylindrical coordinates [59]. 
Using cylindrical cooridnates (Figure 3-1), the transient heat conduction formulation that 
describes the thermal conditions can be written as follows [59]:  
Equation 3-1 2
1 1
. . . . . . .p
T T T T
c kr kr k
t r r r r z z
ρ φ φ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂   
= + +    ∂ ∂ ∂ ∂ ∂ ∂ ∂    
 
where ρ, material density (kg/m3); cp, specific heat (J/kg.°C); k, thermal conductivity (W/m.°C); T, 
temperature (°C); and t , time (s). 
Rearranging Equation 3-1 gives: 
Equation 3-2 2
1 1 1
. . . . . .
T T T T
r r
D t r r r r z zθ θ
∂ ∂ ∂ ∂ ∂ ∂ ∂     
= + +     ∂ ∂ ∂ ∂ ∂ ∂ ∂     
 
where D, thermal diffusivity (m2/s). 
Due to the axisymmetric nature of both geometry and thermal boundary condition, the 
temperature is independent of the angle ϴ and the height z (Figure 3-1) and thus a function of only 
time and radial distance from the longitudinal centreline. Equation 3-2 can therefore be simplified to: 
Equation 3-3 
2
2
1
.
T T TD
t r r r
 ∂ ∂ ∂
= + ∂ ∂ ∂  
Assuming a constant thermal diffusivity of concrete, Equation 3-3 can be solved for the relevant 
initial and boundary conditions: 
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 Initial condition: The temperature throughout the cylindrical specimen at the beginning 
of the heating process is uniform at T0. 
Equation 3-4 00tT T= =  
 Boundary condition: The concrete specimens were heated using the constant absorbed 
heat flux at the surface. Due to the symmetry of thermal boundary condition and 
specimen geometry, the temperature gradient at the central axis is equal to zero. The 
boundary condition is, therefore: 
Equation 3-5 
0
0
r
T
r
=
∂
=
∂
  
Equation 3-6 ''s
r a
Tk q
r
=
∂
=
∂   
In addition, further assumptions are adopted, including an infinitely long cylindrical specimen 
(thus no heat transfer through two end faces of the specimen, and no internal heat generation). 
Using the Laplace transformation technique [60], the temperature T(r,t) at a radial distance r 
from the cylinder centreline and at time t is found to be: 
Equation 3-7 
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∞
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  
∑
  
where J0: the first-kind Bessel function.  
For concrete at elevated temperatures, the last term in Equation 3-7 generally becomes negligibly 
small:  
Equation 3-8 
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Therefore, the temperature T(r,t) can be approximated: 
Equation 3-9 
2
''
0 2
. . 1 1( , ) 2.
2 4
sq a Dt rT r t T
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This analytical result was used to validate the ANSYS numerical model in which thermal 
properties were assigned as constant values during the heating procedure. The ANSYS numerical 
model was then developed using thermal properties of concrete as a function of temperature to 
investigate temperature profiles in more complex cases.  
3.2.2 Comparison between results by analytical and numerical studies 
The analytical results needed to be evaluated using finite element modelling. For this purpose, 
a nonlinear finite element model of the specimen under various heat fluxes was developed using 
ANSYS. The obtained results from these models were compared with the analytical model. The 
properties of the specimen (e.g. thermal properties and mechanical properties) were defined as the 
same values in both modes (i.e. analytical and numerical model). The thermal properties of concrete 
were assumed as constant values despite the increase in temperature. Element types and other 
properties in ANSYS are discussed in detail in Chapter 5. 
Table 3-1. Comparison between analytical and numerical results. 
Time 
(s) 
Absorbed 
heat flux 
(kW/m2) 
Radial distance 
from centreline 
(mm) 
Temperature (°C) Difference 
(%) Analytical 
study 
Numerical 
study 
900 10 
50 315 313 0.64 
40 251 250 0.40 
30 201 201 0.00 
20 165 167 -1.20 
10 144 146 -1.37 
900 20 
50 605 601 0.67 
40 476 474 0.42 
30 376 378 -0.53 
20 305 309 -1.29 
10 262 268 -2.24 
900 30 
50 895 890 0.56 
40 702 700 0.29 
30 552 554 -0.36 
20 445 451 -1.33 
10 381 390 -2.31 
The analytical solution of Equation 2.7 and 2.10 is in good agreement with the numerical 
solution of the cylinder using ANSYS [61] as evidenced in Table 3-1 representative case. Since this 
strongly suggests both analytical and numerical models are appropriate, the numerical model can then 
be modified for cases of variable thermal properties and other boundary conditions, which will be 
detailed in Chapter 5. 
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3.3 Temperatures in cylindrical specimen subjected to a constant incident heat flux 
3.3.1 Finite difference solution of the heat transfer model 
a. Thermal boundary condition 
In this model, the concrete cylinder specimen is heated by an incident heat flux, which is 
uniform around the curved surface of the specimen. The cylinder has an initial temperature of T0 (25 
°C), and has no heat transfer through the two end faces and no internal heat generation.  
The heat flux on the surface of the concrete specimen is defined as Equation 2-1 in the previous 
chapter. In this case, the concrete is heated by a uniform incident heat flux with an axisymmetric 
boundary condition. Therefore, the heat transfer model as discussed in 3.2.1 is written as a one-
dimensional direct heat conduction problem.  
b. Concrete temperature development calculation 
A numerical one-dimensional direct heat conduction model was formulated using an explicit 
finite difference method. The sample is divided into N elements, as shown in Figure 3-2. The 
thickness of the boundary elements is ∆x/2 with nodes located on the element surface, and the 
thickness of interior elements is ∆x with nodes located in the centre. The model was formulated so 
that node j = 1 is exposed to a heat flux, while node j = N is exposed to a zero temperature gradient 
due to symmetric heating. 
 
Figure 3-2. Finite difference model for one-dimensional heat transfer. 
The heat transfer model can be described as: 
Equation 3-10 
2
2. .p
T T
c k
t x
ρ ∂ ∂=
∂ ∂  
Using the boundary conditions: 
Equation 3-11 ''
0
.abs
x
Tq k
x
=
∂
=
∂  
with the absorbed heat flux calculated by extracting the heat losses: 
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Equation 3-12 '' '' '' '' '' 4 4. . ( ) (T )abs inc conv rad inc c s sq q q q q h T T Tε ε εσ∞ ∞= − − = − − − −  
and the centreline zero temperature gradient: 
Equation 3-13 . 0
x a
Tk
x
=
∂
=
∂  
The heat transfer for each node can be formulated as: 
o For element 1 at the surface: 
Equation 3-14 
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o For interior elements: 
Equation 3-15 
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o For element N at the centre: 
Equation 3-16 
1
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Initially (time step i=1), each node has a temperature of T∞. The node temperature at time step 
(i+1) is calculated using a corresponding value at time step (i):  
o For element 1 at the surface: 
Equation 3-17 1 '' 4 4 1 2 1 21 1 1 1
1
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o For interior elements: 
Equation 3-18 1 11 1 12 ( ) ( )( ) 2 2
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o For element N at the centre: 
Equation 3-19 1 1 12
2 ( )( ) 2
i i
i i i iN N
N N N Ni
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k ktT T T T
x cρ
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−
−
 +∆
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Based on Equation 3-17 through to Equation 3-19, the temperature T(r, t) at a radial distance r 
from the cylinder centreline and at time t can be determined.  
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3.3.2 Comparison between results by the finite difference and finite element models 
Figure 3-3 shows comparisons of temperature development on the surface and centreline of 
concrete specimens under external incident heat flux of 20 kW/m2. The results from ANSYS and the 
finite difference method (FDM) are in good agreement, which demonstrates that both FDM and FEM 
are acceptable to predict temperature development within concrete under a heat flux boundary 
condition. 
The position of the average temperature can be then located on the radius of the concrete 
specimen by comparing the temperature from 3.3.1 with the temperature from the ANSYS model 
calculation.  
 
Figure 3-3. Temperature development comparison of ANSYS and FDM by 20 kW/m2. 
The small deviation between FDM and FEM results is possibly due to different methods of 
defining heat loss in the two approaches. In FDM, heat loss due to both convection and radiation is 
defined as separate functions of temperature on the surface of cylinder specimen, while such heat loss 
is lumped as a coefficient in the FEM ANSYS model. 
3.4 Weighted average temperature and its location 
The temperature development in an infinitely long cylindrical specimen was determined in 
Section 3.2 and 3.3 in which the non-uniform temperature distribution along the cylindrical 
specimen’s radius was calculated. Determining a weighted average temperature that can be 
representative of a temperature range of the cylinder specimen is necessary. A weighted average 
temperature similar to that in Khoury, Sullivan [3], was adopted in this study. 
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3.4.1 Analytical solutions for constant uniform absorbed heat flux and thermal properties 
Under a heat flux boundary condition, the difference between the temperature at the centreline 
and at a distance of r from the centreline can be determined as follows:  
Equation 3-20 
2
''1( , ) (0, t)
2
s
r
q rT T r t T a
k a
 ∆ = − =  
 
  
Using Equation 3-20, the weighted average temperature of the specimen can be determined by 
integrating the temperature profile ∆Tr over the specimen’s radius and then dividing by the radius of 
the specimen. 
 
Figure 3-4. Temperature difference between the surface and centreline of the specimen. 
Equation 3-21 
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The average temperature of the specimen at a given time t  can be found: 
Equation 3-22 
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The location of this average temperature can be found from the solution: 
Equation 3-23 ( , ) avT r t T=  
Therefore, the location of the average temperature is: 
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Equation 3-24 / 3 0.58avr a a= ≈   
Due to the good agreement among the three models as demonstrated in Section 3.2, FDM and 
FEM solutions would give the same values for weighted average temperature and its location. The 
result in Equation 3-24 is very good agreement with Khoury, Sullivan [3], indicating that 0.58×a 
would be the most suitable position to determine the weighted average temperature of a concrete 
specimen. 
Equation 3-22 and Equation 3-23, coupled with heat flux and temperature measurements, can 
be used to evaluate the thermal properties of different types of concrete in further studies. The novel 
test setup outlined in this study, with better accuracy and reliability of boundary conditions, is 
expected to give more realistic values of thermal properties compared to earlier methods [3]. 
3.4.2 Weighted average temperature modelling using ANSYS 
An advanced ANSYS model was developed to predict the temperature profiles within 
cylindrical concrete specimen (Ф100×200 mm) under different incident heat fluxes at different target 
heating times. In addition, the thermal properties of concrete (thermal conductivity, density and 
specific heat) were defined as a function of temperature in order to capture the temperature profile 
that is expected close to the real heating conditions. The details of the thermal properties were 
assigned in the model using the available equations in Kodur and Sultan [36]. The temperature 
profiles in the concrete specimen under different incident heat fluxes are shown in Table 3-2. 
The weighted average temperature along the radius of the concrete specimen in the numerical 
study can be determined using the following equation: 
Equation 3-25 1
N
i i
i
avg
T w
T
a
=
×
=
∑
  
where Ti is the temperature at node i; and wi is the width of the layer around node i. 
As can be seen from Table 3-2, the weighted average temperature of the concrete specimen is 
located at the position close to 29 mm from centreline of the concrete specimen. Evidence shows the 
position of 29 mm from the centreline of the concrete specimen is the best position to represent the 
temperature within the concrete specimen under different heat flux levels. This position was thus 
chosen to locate the thermocouples in this experimental study. 
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Table 3-2. Comparison between analytical and numerical results. 
Radial 
distance 
from 
centreline 
(m) 
Heat flux 
(kW/m2) 
20 30 40 
0.000 138 178 208 
0.005 140 180 210 
0.010 145 186 218 
0.015 152 196 230 
0.020 163 211 246 
0.025 176 229 268 
0.030 193 251 294 
0.035 213 277 325 
0.040 235 308 361 
0.045 260 342 402 
0.050 288 381 449 
Weighted 
Average 
Temperature 
189 246 288 
The method to determine the position of the weighted average temperature has some limitations 
that require being solved in future studies: 
- First, this position will not remain constant at rav = 0.58×a because of the temperature 
dependency of the thermal properties of concrete [36], and the varied absorbed heat flux 
during heating (at constant incident heat flux). 
- Second, the weighted average temperature has been determined along the radius, but not in 
the total area of the concrete specimen. The area of the concrete layer at different 
temperature points are different, therefore the value of the weighted average temperature 
may change. The position of the weighted average temperature can thus move to the 
specimen surface depending on the thermal properties of concrete at elevated temperature. 
3.5 Summary 
This Chapter presented a detailed description of an analytical and numerical study to solve the 
fundamental heat conduction equation from the simplified case to the most complicated case of 
thermal heat transfer.  
By solving the fundamental heat conduction equation, an analytical solution for T(r,t) was 
derived for the simplest case of constant absorbed heat flux boundary condition and temperature-
independent thermal properties of a cylindrical specimen. The temperature development in this case 
was investigated using finite difference method and finite element method using ANSYS. The good 
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agreement of results among the three methods gives the high confidence of the finite element and 
finite difference models to investigate the temperature development in the more complicated case. 
The finite difference method was used to solve the fundamental heat conduction equation for 
the case of time-dependent uniform absorbed heat-flux boundary condition and temperature-
independent thermal properties of a cylindrical specimen. The results of this calculation were also 
compared with the results from the finite element method. The good agreement between the finite 
difference method and finite element method gives the confidence of model to predict the temperature 
development in a general case. Good agreement among outcomes of the three methods was 
demonstrated. This gives confidence in the validity and applicability of the three models. 
The finite element model using ANSYS was finally used to predict the temperature 
development in the cylindrical specimen for the general case of time-dependent uniform heat flux 
boundary condition, and temperature-dependent thermal properties. The results from FEM using 
ANSYS were then validated using experimental results that are be presented in Chapter 4 and 5. 
Based on such models, the weighted average temperature and its location has been determined. 
This average temperature is considered as representative of the non-uniform temperature profile, 
forming the basis for comparison among different temperature profiles. The position of 29 mm from 
the centreline of the concrete specimen is the best position to represent the temperature within the 
concrete specimen under different heat flux levels. 
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CHAPTER 4 
EXPERIMENTAL STUDY – EFFECT OF TEMPERATURE 
GRADIENTS ON MECHANICAL PROPERTIES OF CONCRETE 
AT ELEVATED TEMPERATURES 
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4.1 Introduction 
The mechanical properties of concrete at elevated temperature have been investigated since the 
end of the 19th century [8]. However, most studies have relied on the furnace or oven as the main 
apparatus to create the heat boundary conditions on test specimens. As discussed in Section 2.2, the 
thermal boundary conditions in such conventional test have been generally inconsistent and poorly 
repeatable. 
In addition, as reviewed in Section 2.5, the variation of the mechanical properties of concrete 
in conventional tests is possibly due to the combined effect of (i) the variation in concrete properties, 
(ii) experimental errors and (iii) inconsistent thermal loading imposed on the specimen surfaces. 
However, the contribution of each of these sources cannot be assessed in a conventional test using 
the furnace. Therefore, if the thermal loading can be applied reliably on a consistent basis, the 
contribution of thermal loading to variation in mechanical properties can be minimised. This has two 
major implications: (i) the observed variation should be less; (ii) the relative contribution of remaining 
factors to such variation can be assessed more readily.  
On that basis, this chapter details the newly-developed experimental setup to create a consistent, 
reliable, and repeatable thermal boundary condition in which the incident heat flux is used as a 
parameter of study instead of the temperature of the gas phase.  
After the introduction in the present section, Section 4.2 details the experimental setup for 
thermal and mechanical loading of test cylinder concrete specimen, including: (i) the radiant panel 
system to create the desired incident heat flux boundary conditions on the concrete specimen surface 
and (ii) test frame to load the concrete specimen in compression. The successful achievement of 
intended consistency, uniformity and repeatability of thermal boundary conditions is clearly 
demonstrated. 
Section 4.3 details the concrete specimen preparation. Two series of standard cylinders of high 
strength concrete specimens were used in this study. Series 1 was used to capture the temperature 
development in different incident heat fluxes during heating and cooling. Type K thermocouples were 
used and located inside the concrete specimen when casting to capture the temperature profile along 
the specimen radius. Series 2 was used to determine the mechanical properties of concrete at different 
target temperatures and temperature gradients. All concrete specimens used in the two series were 
cured in the same conditions to ensure identical thermal and mechanical properties during testing. 
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Section 4.4 highlights the heating and testing regime used in this study. The target temperatures 
were chosen to capture the most significant physico-chemical changes in the concrete material. The 
heating time were subsequently chosen to capture these target temperature in the concrete specimen. 
The experimental results are then analysed and discussed to highlight the effect of temperature 
gradients on the mechanical properties of concrete at elevated temperatures, as shown in section 4.5. 
These results were also compared with the existing data from conventional tests. 
4.2 Experiment setup for thermal and mechanical loading 
In this Section, details of the experimental test setup for thermal and mechanical loading are 
presented. Relevant information is given in §4.2.1 to §4.2.3 on major components of the thermal 
loading system, including radiant panel system, water-cooled heat flux sensor and assessment of the 
suitability of such newly developed thermal loading system. Relevant details of the mechanical 
loading system are presented in §4.2.4 to §4.2.5. 
4.2.1 Radiant panel system for consistent and repeatable thermal loading 
As highlighted in Section 1.2, to enable the study of the effects of temperature gradient, it is 
required to establish known consistent heat flux boundary conditions, which cannot be routinely 
achieved in conventional furnace tests.  
Such heat flux boundary conditions were achieved in this study by adopting a system of radiant 
panels [8]. Each radiant panel has rectangular radiation surface of 150 mm by 200 mm and uses 
natural gases as fuel. The temperature and heat flux intensity of the radiant panel at its surface depend 
on the ratio of natural gas and air pressures, which were thus kept unchanged throughout the whole 
experimental study.  
 
Figure 4-1. Four radiant panels being switched on. 
To generate a uniform heat flux boundary condition on the cylindrical concrete specimen 
(Ф100×200mm), a system of four radiant panels placed axi-symmetrically around the test specimen 
was proposed (Figure 4-1 and Figure 4-2). A photo of the radiant panel system and test specimen 
during actual heating is also given in Figure 4-3. Whether such arrangement would create the intended 
thermal loading on a consistent and reliable manner was demonstrated in §4.2.3. 
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Figure 4-2. Four radiant panels providing consistent and uniform incident heat flux boundary 
condition on test specimen surface. 
 
Figure 4-3. A photo of radiant panel system and test specimen during heating. 
4.2.2 Water-cooled heat flux sensor 
A water-cooled Schmidt-Boelter heat flux sensor SBG01 (Figure 4-4) was used to measure the 
heat flux intensity of up to 200 kW/m2 [62]. An industrial water pump was used to provide the 
required water flow (of greater than 10 litres per hours) and water pressure (of lower than 3 bar) to 
cool the sensor. The SBG01 heat flux sensor with improved water-cooling system is shown in Figure 
4-5. This improved water-cooling system was used to enhance the cooling ability of the heat flux 
sensor. 
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Figure 4-4. SBG01 heat flux sensor - adapted from Hukseflux Thermal Sensors [62]. 
 
Figure 4-5. SBG01 heat flux sensor with improved water-cooling system. 
4.2.3 Assessing the consistency, uniformity and repeatability of heat flux boundary conditions 
First, the heat flux as measured by the SBG01 sensor (as presented in §4.2.2) at varying distance 
from the radiant panel surface was determined for each of the panel (Figure 4-6). To reflect the actual 
working condition of the radiant panels, all four panels were switched on as for the case of real heating 
of test specimens: Appropriate blocking was applied to ensure that the measured heat flux was due to 
radiation from the intended radiant panel only but not from the remaining three other panels. 
 
Figure 4-6. A photo of experimental setup to measure heat flux from a single panel. 
The variation of recorded heat fluxes with the distance from the panel surface for each of the 
four radiant panels are given in Table 4-1 and plotted in Figure 4-7. It is evident from Table 4-1 and 
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Figure 4-7 that the heat flux profiles produced by the four panels were essentially identical, prompting 
the high consistency among the four panels. 
Table 4-1. Distance between panel surface and SBG01 sensor for different heat fluxes. 
Heat flux 
(kW/m2) 
Distance (cm) 
Panel 1 Panel 2 Panel 3 Panel 4 
50 17.3 17.3 17.1 17.4 
45 18.2 18.2 18.3 18.3 
40 19.9 19.9 19.6 19.7 
35 21.3 21.2 21.5 21.4 
30 23.0 23.3 23.1 23.2 
25 25.9 25.7 25.4 25.6 
20 29.1 29.4 29.2 29.3 
15 33.8 34.3 33.9 33.5 
This calibration process was also repeated upon completion of the test series. The heat flux 
profiles of all four panels were found to be unchanged from corresponding profiles at the start of the 
test series. Such observation strongly indicated that the consistency among the four panels was 
maintained throughout the testing period. 
 
Figure 4-7. Variation of heat flux with distance from the radiant panel surface. 
Next, two radiant panels were used to determine the degree of uniformity of incident heat flux 
intensities on the cylinder specimen surface placed at different offset distances (Figure 4-8). The 
incident heat flux was measured at three locations (i.e. A, B and C in Figure 4-8) at each of the three 
levels (including top, mid-height and bottom). The measured heat fluxes at all locations varied within 
5% for all distances, prompting a homogeneous thermal boundary condition around the curve surface 
of cylinder test specimen. 
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Figure 4-8. Setup for assessing the uniformity of heat flux around surface of cylinder test specimen. 
 
Figure 4-9. A photo of experimental setup to measure heat flux at Location B at mid-height level in 
Figure 4-8. 
4.2.4 Mechanical loading system 
Figure 4-10 shows a schematic illustration and photo of the test setup for mechanical and 
thermal loading. Key features of the test setup include: 
- Loading crossheads below and above the test specimen: A water-cooling system was 
designed to maintain the temperature of the crossheads at less than 40°C during testing.  
- The concrete blocks, as part of the top and bottom water-cooled attachments, were made of 
100 MPa concrete and had dimensions of φ127mmx95mm. These blocks functioned as 
insulators with similar thermal conductivity to that of test specimens: Due to their similar 
heating condition and thermal properties, heat transfer between the test specimens and the 
two concrete blocks were assumed negligible. 
- A spherical seat ensured that uniaxial compression load was imposed. 
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- A steel mesh (of 5mm x 5mm grid) was placed around the test specimens to protect the 
radiant panels from possible explosive spalling. 
- Since the radiant panels required around 5 minutes reaching their stable thermal state, the 
test specimens were initially covered in a hollow cylinder of 110mm in inner diameter and 
210mm in height (Figure 4-11). This hollow cylinder was made of Rockwool with very low 
thermal conductivity and further wrapped in aluminium foil with high reflectivity to ensure 
no heating of test specimens during the initial warming-up period of the radiant panels. 
- INVAR plates of very low thermal expansion were also casted into the surface of the top 
and bottom attachments with the aim to capture relative deformation between the two end 
surfaces of test specimen using laser sensors. However, it was found the system needs 
modification to enable such reliable deformation capturing by laser sensors: The laser 
sensors need to be properly protected/insulated, which may interfere with the thermal field. 
Due to the time constraint of this thesis, such modification was left as part of suggestions 
for further study.  
 
Figure 4-10. Schematic illustration and photo of test setup for thermal and mechanical loading. 
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Figure 4-11. Hollow cylinder of Rockwool covered by aluminium foil to insulate test specimen 
during warming-up of radiant panels. 
4.2.5 Assessing the total deformation of test frame and other attached components 
The recorded deformation from data logger in this study included the deformation of the 
specimen and the remaining components of the test setup (Figure 4-12) collectively referred to in this 
thesis as “portal frame”. This “portal frame” includes: 
- The steel beams and columns; 
- Medium density fibreboard (MDF) sheet between the bottom water-cooled crosshead 
(platen) and strong floor; 
- MDF sheet between the columns and strong floor; 
- The insulation material between the top water-cooled crosshead top and bottom of actuator; 
- The bolted connections between the top water-cooled crosshead and the bottom of actuator; 
- The bolted connections between the steel beams and the columns of the portal frame. 
  
Figure 4-12. Mechanical loading system consisting test specimen and remaining components. 
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In this section, the deformation-load relationship of the “portal frame” was determined by 
loading a steel cylinder and three concrete samples using the same compressive loading profile at 
ambient temperature to evaluate repeatability of the “portal frame” under compressive loading. At a 
given load level, the deformation of the “portal frame” was the difference between recorded 
deformation of the actuator and that of test specimen. 
i. For the steel cylinder of Ф100×60 mm: Four strain gauges were attached to the surface 
to determine the vertical strain, from which the vertical deformation of the steel 
specimen was calculated. The strain gauge used was FLA-3-11-3LT, which is 3 mm of 
gauge length, 120 ± 0.5 Ω of gauge resistance and 2.12 ± 1% of gauge factor. The 
recorded vertical strain was found to have a good agreement with corresponding 
theoretical strains calculated from applied loading and Young’s modulus of steel using 
Hooke’s law. 
ii. For the three cylinders of Ф100×200mm: Four strain gauges were vertically glued onto 
the surface of each specimen, from which the vertical deformation of the concrete 
specimen was calculated. The type of strain gauge used was PL-60-11, which is 60 mm 
of gauge length, 120 ± 0.3 Ω of gauge resistance and 2.13 ± 1% of gauge factor. 
The obtained deformation-load curves of the “portal frame” for the four test specimens were 
presented in Figure 4-13. A very good agreement among the four curves can be observed, clearly 
prompting the high repeatability of the deformation-loading behaviour of the “portal frame” during 
testing. Due to the good protection of the “portal frame” during heating which resulted in minimal 
temperature change therein, the repeatability of the portal frame was believed to remain unchanged 
throughout the experiment study. 
 
Figure 4-13. The deformation-load behaviour of the portal frame. 
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With its repeatability established, the obtained deformation of the “portal frame” was 
subsequently used to determine the deformation of test concrete specimen at elevated temperatures, 
which were not directly measured in this study. 
4.3 Mix design, casting and curing of test specimens 
Concrete cylinders of Φ100mm×200mm were adopted due to their common use for establishing 
uniaxial constitutive models of concrete in compression. The mix design was typical for concrete 
with 28-day compressive strength of 80 MPa as given in Table 4-2. The water-to-cement ratio was 
0.33. All mixing and casting was done in accordance with relevant Australian standards [63]. A photo 
of moulds assembled on the vibrating table ready for casting is shown in Figure 4-14. 
Table 4-2. Concrete mix design. 
Constituents Quantity (/m3) 
10mm aggregates 925 (kg) 
Manufactured coarse sand 600 (kg) 
River fine sand 140 (kg) 
Cement 580 (kg) 
Water 193 (L) 
Superplasticiser 4.06 (L) 
 
Figure 4-14. Photo of moulds ready for casting on the vibrating table. 
To ensure consistent moisture conditions, upon stripping from their moulds one day after 
casting, test specimens were cured in water at 27oC for four months, and then in air at 27°C and 70% 
relative humidity for another three months until testing (Figure 4-15). The mass loss with time was 
monitored and found to become negligible after about 40 days as shown in Figure 4-16. Such 
negligible change in moisture indicated that the test specimens had reached moisture equilibrium with 
the ambient air in the standard room. 
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Figure 4-15. Test specimens in the standard room of 27°C and 70% relative humidity. 
 
Figure 4-16. Mass loss of specimens with time in standard room of 27°C and 70% relative 
humidity. 
Two series of specimens were prepared: 
- Series 1, of 9 specimens with internal thermocouples: Each specimen had 5 Type-K 
thermocouples [64] located at mid-height on two radial lines at 135o: During testing, the 
test specimen were oriented such that one radial line was perpendicular to the surface of a 
radiant panel, while the other radial line was at 45o to other two panels. The similarity, or 
otherwise, between temperature profiles along these two radial lines provided additional 
basis to assess the uniformity of the heat flux boundary condition. Temperatures were 
measured at three depths as shown in Figure 4-17: (i) at the specimen’s surface and (ii) 
centreline, and (iii) at 21 mm from the surface (Mid-point); this being the location of the 
average temperature as discussed in section 3.4 [65]. A photo showing thermocouples in 
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the steel mould before casting is shown in Figure 4-18. To locate the thermocouples at 
intended positions, a welding wire frame as detailed in Figure 4-19 was used. 
- Series 2, of 33 specimens without thermocouples: Specimens were exposed to pre-
determined schemes of heat flux boundary condition before testing to failure under 
compression. Due to good repeatability of heating and curing, temperature profiles in these 
specimens are assumed the same as corresponding specimens in Series 1. 
- Three additional specimens without thermocouples were also cast and cured in water at 
27oC until the age of 28 days for determination of the 28-day compressive strength of test 
concrete. 
 
Figure 4-17. Locations of thermocouples in the cylinder concrete specimen. 
 
Figure 4-18. Photo showing thermocouples in steel mould before casting. 
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Figure 4-19. Welding wire frame to locate thermocouples at intended positions. 
The thermocouples used in this experiment were Type K with good moisture, chemical and 
abrasion resistance. The thermocouples were 20-gauge (0.965 mm diameter), grade, and solid wire. 
The thermocouples also contained high-temperature fibreglass braid single conductors and duplex 
insulation. The  maximum temperature of a single thermocouple is 705°C for continuous 
temperatures, and 870°C for a single reading. The specific limit of error is ±0.75% standard tolerances 
with temperatures from 0°C to 1260°C [64]. 
4.4 Heating and loading procedure 
In this study, test specimens were first heated by being exposed to different levels of constant 
and uniform incident heat flux without pre-loading to target temperatures. Once the target temperature 
was at the position of the weighted average target temperature (which was 29mm from centreline, as 
presented in Section 3.4), the specimens were loaded in uniaxial compression at a rate of 0.25mm/min 
until failure. The adopted heating and loading procedure is schematically shown in Figure 4-20. 
As detailed in Section 4.3, two Series of test specimens were cast: 
i. Series 1, specimens with thermocouples, were to provide temperature data from which 
required heating time to target temperature profile under a given heat flux level could 
be determined. 
ii. Series 2, specimens without thermocouples, were to determine the load-deformation to 
assess the possible effects of different incident heat fluxes and thus of associated 
temperature gradients. 
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Figure 4-20. Schematic illustration of heating and loading procedure adopted in this study. 
In this study, besides ambient temperature, the four target temperatures chosen were 150°C, 
300°C, 450°C and 600°C to capture the effects of major physico-chemical changes in concrete 
specimens at elevated temperatures [15, 28, 66, 67].  
4.5 Result and discussion 
4.5.1  Observation of concrete specimen when exposing to heat flux 
a. Colour change and water evaporation 
When subjected to high temperature, concrete specimens would experience colour change, 
cracking and possible spalling [17]. Figure 4-21 shows a typical change of colour due to the 
temperature increase in different layers concrete specimens in this study – when a concrete specimen 
heated by uniform heat flux boundary condition. The surface concrete of about 10 mm thick appeared 
much darker than concrete in the inner layer. In addition, network of fine cracks was observed on test 
specimens’ surface heated by incident heat flux, especially for the case of 40 kW/m2. 
  
Figure 4-21. Different colour distribution after heating. 
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Shortly after test specimen’s exposure to a given incident heat flux (of either 20, 30, or 40 
kW/m2), water was observed coming out of the top and bottom surfaces of the specimen, as shown 
in Figure 4-22. Significant moisture accumulation was clearly observed on specimen’s top surface 
from around 15, 10 and 5 minutes for incident heat flux of 20, 30 and 40 kW/m2, respectively. The 
specimen’s top surface was completely dried after heating in 31, 22 and 17 minutes by incident heat 
flux of 20, 30 and 40 kW/m2, respectively. This phenomenon was consistently observed in test 
specimens in both Series 1 and Series 2. 
   
Figure 4-22. Water migration/bleeding on top of the specimen surface. 
b. Spalling of cover concrete 
High strength concrete tends to have explosive spalling due to its high density and less porous 
structures. The spalling phenomenon of concrete at elevated temperatures has been theorized that the 
higher density of concrete leading to the lower permeability of HSC that limits the movement of 
heated moisture to escape within the concrete, creating more pore pressure inside concrete at elevated 
temperatures. The increase of pore pressure together with internal stresses could cause explosive 
spalling of concrete at elevated temperature [68]. The details of spalling theories were also explained 
in Section 2.6. These theories have been developed while testing concrete under inconsistent thermal 
boundary condition as discussed in Section 2.2. 
No spalling was observed during testing of all 39 HSC concrete specimens in both Series 1 and 
Series 2 at elevated temperatures in this study. As such, no spalling was interesting considering the 
high concrete compressive strength of test specimens about 100 MPa on test date, and the significant 
rate of temperature increase within specimens of up to 30°C/min in this study. Further work is 
therefore needed to shed more light onto underlying mechanisms for concrete spalling in fire. 
c. Failure mode of concrete 
The typical failure modes of cylindrical concrete specimens at different target temperatures are 
given in Figure 4-23: 
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i. At target temperatures of 150°C and 450°C, reasonable well-formed cones at the two 
ends of cylindrical specimens were formed at failure; 
ii. However, at 300°C, specimens were completely broken into small pieces; 
iii. At 600°C, a well-formed cone was observed only at one end, together with vertical 
cracks running through the other end. 
 
Figure 4-23. Typical failure modes of cylindrical concrete specimens: a) at 150°C (HF30); b) at 
300°C (HF30); c) 450°C (HF30); d) at 600°C (HF40). 
It was very interesting that the failure modes of all test specimens at a particular target 
temperature were observed to be consistently similar. Further research is thus needed to ascertain the 
underlying reasons for these observed failure modes. 
4.5.2 Repeatability of thermal loading and temperature development 
Figure 4-24, Figure 4-25, and Figure 4-26 show the time evolution of in-depth temperature 
profiles in test specimens heated by each of three incident heat-flux levels (HF20, HF30, and HF40), 
three specimens for each heat flux level. As can be seen from these figures, a good degree of 
consistency was observed among the measured temperature for each incident heat flux. The recorded 
temperatures in one specimen heated by incident heat flux (Figure 4-27) along the two radial lines at 
corresponding depths as shown in Figure 4-17 also had a good agreement, confirming the uniform 
heat flux boundary condition. 
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Figure 4-24. Temperature development at three depths of the three specimens heated by 20 kW/m2. 
 
Figure 4-25. Temperature development at three depths of the three specimens heated by 30 kW/m2. 
 
Figure 4-26. Temperature development at three depths of the three specimens heated by 40 kW/m2. 
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Figure 4-27. Temperature development at three depths of one specimen heated a typical heat flux. 
Due to the high repeatability of the temperature development in the concrete specimen heated 
by three incident heat fluxes as shown in these three figures, the average temperature at each point 
(surface, mid-point, and centreline) could be determined by using the average value of the 
temperature recorded by the thermocouples at the same position among three specimens. The average 
temperature of each point is presented and discussed in Section 4.5.3. 
4.5.3 Temperature development in the concrete specimen heated by incident heat fluxes 
a. Heating time, temperature profile and temperature gradient 
The target temperature heating times of Series 1 shown in Table 4-3 were recorded and used in 
Series 2. As shown in Table 4-3, the weighted average temperature of 600°C could only be achieved 
in specimens heated by the incident heat flux of 40 kW/m2, but not by 20 or 30 kW/m2 due to the 
convective and radiative heat losses at the specimen’s surface. The heating times to target 
temperatures of 150°C, 300°C, and 450°C were not only slightly longer for the case of HF30 
compared to corresponding value for HF40, despite significantly different temperature profile within 
test specimens. Figure 4-28 shows the temperature profiles in the concrete specimens heated by 
different incident heat fluxes. As expected, the higher the incident heat flux, the higher the 
temperature gradient recorded within test specimens. 
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Figure 4-28. Different temperature profiles under different incident heat fluxes. 
In Figure 4-29, the time evolution of the temperature difference between the surface and 
centreline of test specimens was also plotted. It can be seen that such temperature difference increased 
very quickly initially, reaching a peak of 233°C, 290°C, and 341°C for the case of incident heat flux 
of 20 kW/m2, 30 kW/m2, and 40 kW/m2, respectively. The corresponding heating time required to 
achieve the maximum temperature difference was 560s, 1045s, and 1055s, respectively.  
Table 4-3. Target temperature-heating times. 
Target 
temperature 
[°C] 
Heat flux 
(kW/m2) 
20 30 40 
150 820 545 535 
300 2260 1500 1365 
450 5215 2970 2505 
600 x x 5970 
The “humps” in profiles of the difference between surface and centreline temperatures in Figure 
4-29 were due to slight kinks in the temperature profiles at centrelines (Figure 4-24, Figure 4-25, and 
Figure 4-26), which were in turn directly related to the transformation and movement of moisture 
within test specimens at target temperatures of about 150°C. 
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Figure 4-29. Time evolution of the temperature difference between surface and centreline of test 
specimnes.  
b. Temperature development at different depths within test specimens 
Temperature profiles at three depth levels (surface, mid-point, and centreline) were determined 
by using the average value of corresponding temperatures in three specimens heated by the same 
incident heat flux. The in-depth temperature profiles of test specimens heated by each of the three 
incident heat fluxes are plotted in Figure 4-30, Figure 4-31, and Figure 4-32. 
 
Figure 4-30. Temperature in concrete when exposed to an incident heat flux of 20 kW/m2. 
As shown in Figure 4-29 and Figure 4-30, the temperature profiles at the centreline had slight 
kinks at around 150°C, at which the concrete temperature remained relatively constant for 10 to 12 
minutes. This kink is not present in the temperature profiles for the surface and mid-point depths. 
This is thought to be closely linked with the transformation and movement of moisture within 
concrete [22, 54, 56]. A more detailed discussion is as follows. 
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Figure 4-31. The temperature in concrete when exposed to an incident heat flux of 30 kW/m2. 
 
Figure 4-32. The temperature in concrete when exposed to an incident heat flux of 40 kW/m2. 
The temperature development in concrete is correlated with the absorbed heat flux/energy and 
the physico-chemical changes of concrete at different range of temperature, in which the movement 
of moisture/water can be a significant factor. The absorbed energy in concrete was firstly to evaporate 
the physically and chemically bound water, and to increase the temperature of concrete. 
In this study, the thermal boundary condition was setup to be consistent, uniform and repeatable 
around the curved surface of the concrete specimen. When experiencing a temperature gradient along 
the radius of specimen, the water in the concrete specimen tends to move into the lower temperature 
area (centreline area) as shown in Figure 4-33. Due to the uniform, consistent thermal boundary 
condition in the axisymmetric geometry of the concrete specimen, the moisture movement within the 
concrete specimen can be schematised using one-dimension model as in Figure 4-34. 
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Figure 4-33. Water migration in the concrete specimen. 
 
Figure 4-34. Schematic illustration of moisture/water movement in test specimen. 
Because of the migration of water into the centreline-area of the concrete specimen, the density 
and the moisture content of concrete in the centreline area was therefore increased. According to 
Eurocode [40] , the specific heat of concrete is a function of temperature at different moisture 
contents, the specific heat of concrete doubles at temperatures between 100 to 200°C when the 
moisture content increases to 3%. Consequently, the thermal diffusivity of concrete in the centreline 
area was increased. The absorbed energy/heat flux of concrete in the centreline area was therefore to 
increase and evaporate the migrated water first before increasing the temperature of concrete, leading 
to the kinks in temperature development profile at the centreline of the concrete specimens recorded 
by thermocouples as shown in Figure 4-30, Figure 4-31, and Figure 4-32. 
4.5.4 Compressive strength at ambient temperature at 28 days and at test date 
The casting and curing of concrete specimens for determination of compressive strength at 28 
days and at test date are detailed in Section 4.3. Table 4-4 shows the strength and density associated 
with age of the concrete specimens. Figure 4-35 shows the specimen before testing for 28-day 
compressive strength. 
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Table 4-4. Concrete specimens at 28-day compressive strength. 
Sample 
ID 
Sample age 
(days) 
Strength 
(MPa) 
Density 
(kg/m3) 
01 28 83.4 2491 
02 28 83.3 2518 
03 28 80.5 2433 
15 244 96.3 2506 
16 244 98.5 2527 
17 244 97.4 2496 
After removal from the water tank, all concrete specimens were cured in a standard room for a 
further 120 days (excepted for the 3 specimens used to determine 28-day strength), as detailed in 
Section 4.3. On the first date of actual test of Series 2 specimens, three samples (with numbers 15 to 
17 as in Table 4-4) were used to determine the average compressive strength at ambient temperature. 
This average strength was subsequently used as the reference value for compressive strength at 
ambient temperature for all specimen in Series 2. 
 
Figure 4-35. Concrete specimens before 28-day compressive strength test.  
4.5.5 The strength reduction of concrete at elevated temperatures 
Using the test procedures as detailed in Section 4.4, the compressive strengths of concrete 
specimens at different target temperatures and heat flux intensities were determined and plotted in 
Figure 4-36, Figure 4-37, Figure 4-38, and in Table 4-5. To facilitate the comparison, the relative 
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strength, which was the ratio between the concrete strength at a given target temperature and 
corresponding strength at ambient temperature was used. 
 
Figure 4-36. Compressive strength of concrete at elevated temperatures due to 20 kW/m2 heat flux. 
 
Figure 4-37. Compressive strength of concrete at elevated temperatures due to 30 kW/m2 heat flux. 
 
Figure 4-38. Compressive strength of concrete at elevated temperatures due to 40 kW/m2 heat flux. 
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Table 4-5. Peak compressive loads when crushing concrete specimens at elevated temperatures 
(kN). 
ID 25°C 
Heat flux (kW/m2) 
20 30 40 
150°C 300°C 450°C 150°C 300°C 450°C 150°C 300°C 450°C 600°C 
S1 772 479 656 580 479 526 629 519 549 509 348 
S2 761 467 634 597 507 559 594 511 534 531 332 
S3 730 429 635 608 516 511 653 481 524 546 357 
It appears from the above figures that at a given target temperature and heat flux, the variation 
of concrete strength was quite small. Besides the highly consistent casting and curing conditions for 
all specimens as discussed in previous sections, such small variation was likely also due to the 
consistent thermal loading, which was made possible by the newly-developed test setup in this study. 
In order to highlight and compare better the effect of temperature gradients on compressive 
strength of concrete at elevated temperatures, the data from these three figures above was replotted 
in Figure 4-39 with the variation range at each target temperature. In addition, the temperature ranges 
at each target temperature within the concrete specimen heated by an incident heat flux is presented 
in Table 4-6. 
 
Figure 4-39. Change of concrete compressive strength at different target temperatures and incident 
heat fluxes (compare with data plotted in Figure 2-12 and Figure 2-13). 
The compressive strength of concrete at elevated temperatures is affected by many factors, 
which can be generally categorised into the material and environmental factors (as discussed in 
section 2.3). In this study, the compressive strength of test specimens was mainly affected by 
following main factors: (i) Temperature gradients, leading to different temperature profiles at a target 
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temperature; (ii) Physico-chemical changes in the concrete; and (iii) Heating duration relevant to 
associated physico-chemical changes in concrete. 
Table 4-6. Specific temperature at a target temperature. 
Weighted 
Average 
Temperature 
(°C) 
Heat Flux (kW/m2) 
20 30 40 
Sur. Avg. Centre Sur. Avg. Centre Sur. Avg. Centre 
150 330 150 111 377 150 124 431 150 115 
300 431 300 233 490 300 217 545 300 212 
450 492 450 423 552 450 398 608 450 388 
600 x x x x x x 649 600 578 
a. At target temperature of 150°C 
The range of temperature within concrete specimens heated by incident heat flux of 20, 30, and 
40 kW/m2 were 111°C to 330°C, 124°C to 377°C, and 115°C to 431°C, respectively (Table 4-6). The 
concrete specimens at these ranges of temperatures experienced significant reduction of the 
compressive strength, due mainly to [9, 18, 24]:  
- The first stage of decomposition of calcium silicate hydrate; 
- The increase of loss rate of capillary and physically bound water; 
- The marked increase of porosity and micro-cracking at around 300°C; and 
- The starting loss of chemically-bound water. 
The migration and movement water that resulted from these physico-chemical processes above 
in the concrete specimen at this target temperature was significant as observed in Section 4.5.1. The 
appearance or expansion of water in concrete was believed to soften the cement gel, or to attenuate 
the surface forces between gel particles, thus reducing compressive strength of concrete [2].  
b. At target temperature of 300°C 
The temperature ranges within test specimens due to heat fluxes of 20, 30, and 40 kW/m2 were 
233°C to 431°C, 217°C to 490°C, and 212°C to 545°C, respectively (Table 4-6). Besides the 
microcracking network and porosity, together with the partial breaking-up of river sand and aggregate 
increased significant at this range of temperatures [9, 15, 18], some significant physico-chemical 
process happened in these range of temperatures in the concrete specimens, including: 
- The complete evaporation of the capillary and physically bound water; 
- The ongoing of the transformation and evaporation of chemically-bound water; 
- The significant dissociation of Ca(OH)2 at the concrete regions of higher than 400°C. 
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Consequently, while significant strength recovery was observed in HF20 specimens due to 
increased surface forces arising from loss of absorbed water [2], such recovery was modest in HF30 
and HF40 specimens, possibly due to the counteracting effect of decomposition of Ca(OH)2 [24]. 
c. At target temperature of 450°C 
The concrete specimens heated by the incident heat fluxes of 20, 30 and 40 kW/m2 experienced 
the range of temperature from 423 to 492°C, 398 to 552°C, and 388 to 608°C, respectively (Table 
4-6). The concrete specimens experienced the following major physico-chemical changes: 
- The loss of water at the range of temperature less than 400°C, leading to the increase of 
strength of the concrete specimen; 
- The continuous dissociation of Ca(OH)2 at the range of temperature higher than 400°C; 
- The α-β transformation of quartz around 573°C; 
The slight reduction of the strength of concrete from 300°C to 450°C for the cases of HF20 and 
HF40 was possibly due to the balance between counteracting effects of the above physico-chemical 
changes. However, the reasons for a significant increase of the strength of concrete under HF30 
between 300°C and 450°C were unclear based on these collected data from this study. Further 
research is required to clarify this strength development. 
d. At target temperature of 600°C 
The concrete specimens heated by the incident heat flux of 40 kW/m2 experienced the range of 
temperature from 578°C to 649°C (Table 4-6), marking the significant decrease of the compressive 
strength of concrete. The main physico-chemical changes of concrete at this range of temperature was 
the decomposition of Ca(OH)2.  
To further assess the effect of temperature gradient on the strength of concrete at elevated 
temperature, the results of this study are compared with the test results reported by Cheng, Kodur [2], 
Castillo and Durrani [25], Hammer [69], Phan and Carino [70], Diederichs, Jumppanen [71] in Figure 
4-40. These referenced results were unstressed test (Figure 2-6) in which the temperature gradient 
were intentionally kept very small (Section 2.3.3).  
Chapter 4: Experimental study  
Quang X. Le’s MPhil thesis   73 
 
 
Figure 4-40. Comparison of the relative strength of concrete between current tests with other tests. 
Due to the limited data collected using the newly-developed setup, strong conclusions could 
not be made yet. However, it appears from Figure 4-39 and Figure 4-40 that compared to relevant 
results from previous studies, compressive strength obtained in this work appear to follow similar 
overall development trend, but with significantly smaller variation. Further work is required to 
generate more data, upon which the effects of temperature gradients can be assessed and included 
into models for performance-based structural fire engineering design. 
4.5.6 Force-displacement behaviour of the concrete specimen and the portal frame 
In this testing setup, only test specimen was heated by an incident heat flux, while others in the 
“portal frame” were enveloped/protected using Rockwool and/or cooling down using the water-
cooled system. Therefore, the incident heat flux affects test specimen only, and the thermal and 
mechanical properties of the “portal frame” were unaffected by heating energy.  
The force-displacement behaviour of the concrete specimen is plotted separately in Figure 4-41, 
Figure 4-42 and Figure 4-43. The data of the force-displacement behaviour of concrete in these 
figures was calculated by subtracting the combined load-deformation of the “portal frame” and the 
specimen (recorded by the data logger) to the load-deformation of the “portal frame” only (which is 
determined in Section 4.2.5) under the same compressive loading profile (i.e. 0.25mm/min). The 
results from these three figures highlighted the higher the incident heat flux on the concrete specimen, 
the more significant the change in both the force-displacement behaviour and the Young’s modulus 
of the concrete specimen. While the Young’s modulus of concrete under the effect of incident heat 
flux of 20 kW/m2 slightly decreased with increasing heating time and temperatures, the more 
significant decrease was observed from the case of high heat flux levels of 30 kW/m2 and 40 kW/m2.  
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Figure 4-41. Load-deformation behaviour of the concrete specimen at different target temperatures 
under the effect of incident heat flux of 20 kW/m2. 
 
 
Figure 4-42. Load-deformation behaviour of the concrete specimen at different target temperatures 
under the effect of incident heat flux of 30 kW/m2. 
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Figure 4-43. Load-deformation behaviour of the concrete specimen at different target temperatures 
under the effect of incident heat flux of 40 kW/m2. 
To better highlight the effects of incident heat fluxes on the load-deformation behaviour of 
concrete at a given target temperature, the data were replotted in Figure 4-44, Figure 4-45 and Figure 
4-46 comparing the load-deformation of the concrete specimen subjected to different incident heat 
fluxes at the same target temperatures. It is evident that at each of the target temperature investigated, 
the load-displacement curves were significantly influenced by the level of incident heat flux. The 
higher the incident heat flux (i.e. 30, 40 kW/m2) on the specimen surface, the lower the Young’s 
modulus of the concrete specimen at a target temperature. 
 
Figure 4-44. Load-deformation behaviour of concrete at 150°C under the effects of different 
incident heat fluxes. 
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Figure 4-45. Load-deformation behaviour of concrete at 300°C under the effects of different 
incident heat fluxes. 
 
Figure 4-46. Load-deformation behaviour of concrete at 450°C under the effects of different 
incident heat fluxes. 
4.6 Summary 
This Chapter has presented a detailed description of an experimental program aimed first at 
creating a highly consistent, reliable, repeatable thermal boundary condition for determining the 
performance of concrete in fire, and second at evaluating the effect of temperature gradients on 
mechanical properties of concrete in fire.  Details of the radiant panels setup, heat flux calibration, 
thermal boundary condition, mechanical loading system, high strength concrete mix design, results 
of testing and discussion have been presented. 
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Overall, the thermal boundary condition, which is the incident heat fluxes imposed by using the 
radiant panel system, is highly consistent, repeatable and reliable. The data collected from the 
experimental study has demonstrated that the temperature gradients appear to have a significant effect 
on mechanical properties and performance of concrete at elevated temperatures. 
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5.1 Introduction 
This chapter provides a nonlinear finite element modelling analysis to investigate the combined 
effect of heating and mechanical loading on cylinder concrete specimens. The thermal and 
mechanical properties of concrete were defined by using currently available constituents models [36, 
40]. The concrete specimen was first heated by using different incident heat flux for a defined time, 
in order to achieve a predefined target temperature as presented in Section 3.3 and 4.4. The heating 
procedure is to create the effect of different temperature gradients along the concrete radius. The 
concrete specimen was then subjected to a compressive loading using a predefined target 
deformation. The load-deformation behaviour of the concrete specimen in ANSYS [61] was used to 
compare with the experimental data in Chapter 4. The comparison between the experimental and 
modelling results were used to demonstrate the effect of heating rate; hence, temperature gradients, 
on the mechanical properties of concrete at elevated temperatures. 
To capture the behaviour of concrete structures subjected to different stress-temperature paths, 
numerical modelling for coupled thermal-stress analysis of concrete is required. In order to determine 
thermal strains and stresses in concrete under thermal and structural boundary conditions, the thermal 
stress-strain relationship at elevated temperatures needs to be solved as a coupled-field analysis, 
which accounts for the relationship between thermal expansion and contraction and mechanical 
stress-strain. Two main coupled-field analyses can be used for concrete structures and materials in 
fire: (i) directly coupled-field analysis, and (ii) sequential coupled-field analysis [42, 72].  
While the direct-coupled field takes into account the effect of contraction and expansion of an 
element to the thermal stress-strain relationship of concrete, the sequential coupled-field takes into 
account only the effect of the thermal boundary condition to structural behaviour. In this study, the 
indirect method, which is sequential coupled-filed analysis, was adapted to study the effect of 
different heat flux boundary conditions to the structural behaviour of concrete because temperature 
distribution is not affected by strain.  
Figure 5-1 shows the details of the sequential coupling procedure. The heat transfer model for 
thermal analysis and the structural model were solved separately in two different models using finite 
element method. The heat transfer analysis was solved first to determine temperature distributions 
within the concrete at the FEM nodes. The structural model then performs under different types of 
loading combined with thermal loading. The thermal loading was read from the heat transfer model 
as the nodal temperature. In this approach, the thermal distribution within the concrete specimen was 
assumed not to be affected by the structural behaviour of concrete under the combined external and 
thermal loading. 
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The results from the nonlinear heat transfer model contain the temperature-time curves for all 
nodes within the 3D model, which were sub-sequentially applied as a thermal loading to 
structural/mechanical model. 
The sequential thermal-structural analysis contains a significant limitation in that the interaction 
between the thermal and mechanical behaviour of concrete at elevated temperature is not considered. 
For instance, crack occurrence does not have any influence on thermal distribution, which is not true, 
as crack changes the thermal properties of concrete and the continuity of temperature distribution 
inside a concrete specimen. However, this methodology was still adapted in this study due to the 
limitation of strain influence on temperature and due to the limitation of finite element method [33, 
73]. 
 
Figure 5-1. Sequential thermal-structural analysis. 
In this study, the modification of the temperature field within the test cylinder due to stress was 
deemed negligible. Accordingly, the sequentially coupled thermal-stress analysis (Figure 5-1) – being 
simpler and less time- and resource-consuming than full coupling – is adopted. 
To carry out such sequential coupled thermal-stress analysis, ANSYS was chosen due to its 
versatility and a strong foundation for multi-physics. Within ANSYS, two models were performed: 
i. A thermal model to calculate nodal temperature evolutions over time within concrete 
specimens under specific heat flux boundary conditions; 
ii. A structural model to determine the mechanical response corresponding to the input 
thermal and structural boundary conditions. The evolution of the temperature field from 
the thermal model was input into the structural model. Such input was facilitated by 
using identical meshing in both thermal and structural models. 
The solid elements SOLID70 and SOLID65 in ANSYS, with their suitable capabilities, have 
been chosen for the thermal and structural models, respectively. Relevant properties of these two 
elements are described in the following sections. 
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5.2 Thermal model 
5.2.1 Thermal analysis element – SOLID70 
The SOLID70 element in ANSYS, which contains thermal conduction proficiencies, is 
appropriate for the thermal model. This element is defined by eight nodes with a single degree of 
freedom of temperature at each node. The SOLID70 element can be assigned to 3D steady state and 
transient analyses [61]. Importantly, SOLID70 can also be linked with an equivalent element in a 
structural model to enable thermo-structural coupling analysis. 
 
Figure 5-2. SOLID70 element [61]. 
The geometry, node location and coordinate system of SOLID70 elements are shown in Figure 
5-2. The definition of material properties for this element in ANSYS depends on the types of thermal 
analysis. While thermal conductivity is required for both steady state and transient analyses, specific 
heat and density are only required to be defined in a transient analysis.  
Thermal loading can be input as surface loads on the element face (Figure 5-2). In addition, this 
element can contain a body load at the nodes. The solution output of the thermal model is nodal 
temperatures. Table 5-1 provides the key relevant details of SOLID70 elements. 
Table 5-1. Relevant details of SOLID70 elements. 
Element Details 
Name SOLID70 
Nodes 8 nodes 
(I, J, K, L, M, N, O, P) 
Degrees of freedom 1 (Temp) 
Material properties Thermal conductivity,  
density, specific heat 
Loading Surface loads, body loads 
Output data Nodal temperatures 
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5.2.2 Surface element – SURF152 
In order to model the heat losses from the surface of the concrete specimen, SURF152 elements 
were adapted to capture the heat losses from radiation and convection. The heat losses were lumped 
together using one heat convection coefficient. This heat loss definition is detailed in Section 5.2.3. 
SURF152 elements are defined using four to ten nodes, material properties, and one or two 
optional extra nodes that are away from the element surface (Figure 5-3). The extra nodes can be used 
to define both radiation and convection effects; however, the convection effect is more accurate as 
compared to radiation effect. 
 
Figure 5-3. Element SURF152 Geometry [61]. 
In the ANSYS model, two surface elements were defined on the surface of the concrete 
specimen. The first surface element, which has no midsize nodes and excludes the extra node, was to 
assign the incident heat flux. The second surface element, which has no midsize nodes and includes 
one extra node, was to assign the total heat losses. This extra node was assigned to have a constant 
temperature of 25 °C as an ambient temperature (bulk temperature). 
5.2.3 Model description 
a. Thermal properties of concrete 
Concrete specimens in this study were heated by a uniform and constant incident heat flux. 
Temperature development in the specimen was therefore not only a function of time, but also a 
function of heat flux and concrete thermal properties. These thermal properties include thermal 
conductivity, heat specific and mass loss (thermal density). To understand the thermal behaviour of 
concrete, these thermal properties must be known and defined in numerical analyses. 
Due to the advantages of testing methodology and the developed mathematical models of 
thermal properties determination, developments an appropriate model for concrete specimen used in 
this study is necessary These thermal properties of this concrete specimen were calculated using 
mathematical models that were developed as a function of temperature and types of aggregate by 
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Kodur and Sultan [36]. The calculated thermal properties of concrete using carbonate aggregate in 
this study are summarised Table 5-2. 
Table 5-2. Thermal properties of concrete of 100MPa on the test date based on Kodur and Sultan 
[36] . 
Temperature 
(°C) 
Density 
(kg/m3) 
Specific 
heat 
(J/kg.°C) 
Thermal 
conductivity 
(W/m.°C) 
Thermal 
expansion 
(/°C) 
100 2393 1024 1.87 6.0E-07 
150 2386 1027 1.81 1.0E-06 
200 2378 1030 1.74 1.4E-06 
250 2371 1033 1.68 1.8E-06 
300 2364 1036 1.61 2.2E-06 
350 2357 1040 1.51 2.6E-06 
400 2350 1043 1.41 3.0E-06 
450 2342 1100 1.31 3.4E-06 
500 2335 1100 1.21 9.9E-05 
550 2328 1100 1.11 1.1E-04 
600 2321 1100 1.01 1.2E-04 
b. Thermal model geometry 
As discussed in Section 3.3, when a uniform constant incident heat flux is applied onto the 
surface of a cylinder specimen, the absorbed heat flux causing the temperature change within the 
specimen is time-dependent because of the heat loss due to convection and radiation at the specimen 
surface. To simulate such time-dependent heat flux boundary condition, two layers of surface 
elements are used in the thermal model: One layer for the uniform constant incident heat flux, and 
the other layer for the total heat loss. 
At the surface of concrete cylinder specimen, an equivalent convection heat-transfer coefficient 
has been derived. The absorbed heat flux causing the temperature change in the cylinder is the 
difference the incident heat flux and the heat loss due to convection and radiation at the surface. In 
addition, to simplify the simulation of the total heat loss from the specimen surface, an equivalent 
convection heat-transfer coefficient has been proposed. The basis for such proposal is presented as 
follows. 
The heat loss due to convection is: 
Equation 5-1 '' ( )conv c sq h T T∞= −  
where, hc is the convection heat transfer coefficient, Ts is the surface temperature, and T∞ = 25°C is 
the ambient temperature. 
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The heat loss due to radiation can be estimated as: 
Equation 5-2 '' 4 4 2 2. ( ) . ( ).( ).( )rad s s s sq T T T T T T T Tε σ ε σ∞ ∞ ∞ ∞= − = − + +  
where, ε is the emissivity of concrete, σ is Stephan-Boltzmann constant. 
Equation 5-2 can be rewritten as: 
Equation 5-3 '' 2 2. ( ).( ).( ) ( )rad s s s rad sq T T T T T T h T Tε σ ∞ ∞ ∞ ∞= − + + = −  
where, 
Equation 5-4 2 2( )( )rad s sh T T T Tεσ ∞ ∞= + +  
where hrad is the radiation heat transfer coefficient. This radiation coefficient is a function of surface 
temperature, which can be measured during testing or approximated using finite difference model. 
Therefore, the total heat loss due to radiation and convection from the surface of the concrete 
specimen is: 
Equation 5-5 ( ) ( ) ( )( )'' ( )loss c s rad s c rad s loss sq h T T h T T h h T T h T T∞ ∞ ∞ ∞= − + − = + − = −  
where, hloss is  the total heat loss coefficient. 
Assuming a convection heat transfer coefficient hconv ranges from 8 to 40 W/m2.K and a surface 
emissivity ε of 0.7 for concrete [40], the equivalent convection heat transfer coefficient hloss can be 
estimated and given in Table 5-3. 
Table 5-3. Equivalent convection heat transfer coefficient hloss for different incident heat fluxes. 
Incident heat flux 
(kW/m2) 
hloss 
(W/m2.K) 
20 35÷45 
30 45÷55 
40 60÷65 
The equivalent convection heat-transfer coefficient is then applied to relevant surface elements 
to simulate the heat loss due to convection and radiation at the specimen surface (Figure 5-4).  
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Figure 5-4. A quarter of the specimen – finite element model. 
5.2.4 Validation of the thermal model 
The temperature developments at different positions in the concrete in this study were collected 
using type K thermocouples as presented in section 4.5.3. These thermocouples were attached to the 
concrete specimen in the casting procedure so they could record the temperature development due to 
conduction within the specimen. The thermocouples at the surface of the concrete specimen were 
attached after casting. These thermocouples were covered using a thin concrete layer to ensure that 
convection and radiation outside the concrete specimen did not affect the measurements. The 
temperature recorded by these thermocouples are compared with the data collected from ANSYS 
model. 
Figure 5-5, Figure 5-6, and Figure 5-7 show the comparison between the temperature 
development in concrete from the experimental results and the ANSYS model at three different 
points: the surface, the 29 mm radial distance and the centreline of the concrete specimen. As seen in 
these figures, good agreement of temperature development at the surface of concrete specimen exists 
between the numerical and experimental studies. 
 
Figure 5-5. Temperature of concrete under a 20 kW/m2 incident heat flux – ANSYS model versus 
Experiment. 
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Figure 5-6. Temperature of concrete under a 30 kW/m2 incident heat flux – ANSYS model versus 
Experiment. 
 
Figure 5-7. Temperature of concrete under a 40 kW/m2 incident heat flux – ANSYS model versus 
Experiment. 
However, the results from numerical study cannot completely capture the temperature 
development at the average point and the centreline of concrete specimen because the model contains 
some limitations related to thermal properties of HSC, heat loss coefficient input data, heat flux 
intensity and lack of modelling of thermo-chemical changes of concrete, as follows:  
- First, the movement and migration of water in concrete as observed in 4.5.1 was not 
considered in this model. 
- Second, the thermal properties of HSC in this model were adapted using available models, 
typically in Kodur and Sultan [36]. However, these mathematical models might not exactly 
represent the thermal properties of HSC used in this experiment. Determining the thermal 
properties of concrete used in this experiment at elevated temperatures is necessary for 
accurate numerical modelling. 
- Third, the heat losses in the real experiments include convection and radiation losses 
calculated using the heat loss coefficient discussed in Section 5.2.3. This calculation does 
not give an exact value for the heat loss coefficient because the calculation cannot describe 
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the heat losses as a function of temperature. Only a mean value was used for the complete 
heating procedure. Therefore, the heat losses in the model could be higher than the real 
values at the beginning of the heating procedure. The temperature development in the 
numerical and experimental tests is thus not matched during heating.  
- Finally, the input of heat flux intensity could be a source of error in numerical modelling. 
As discussed in the calibration of the heat flux boundary condition using radiant panels, the 
heat flux intensity is very sensitive to the distance between the panel and the specimen 
surface, because the radiative heat flux is an exponential function of distance. The heat flux 
value measured by the calibration procedure was used for the model. 
As discussed in Chapter 3, the finite element model, the analytical model and the finite 
difference model are in very good agreement, giving a high confidence of the finite element model 
using ANSYS to predict the temperature development in real experiment. The comparison between 
numerical and experimental results also shows a generally good agreement, as shown in Figure 5-5, 
Figure 5-6, and Figure 5-7. Therefore, the temperature profiles and heating time recorded in the 
thermal model were used to input into mechanical model to study the effect of temperature gradients 
on mechanical properties of concrete. 
5.3 Mechanical model 
5.3.1 Mechanical analysis element – SOLID65 
The SOLID65 element available in ANSYS can be used to investigate the behaviour of concrete 
structures [61]. This element has eight nodes with three degrees of freedom per node. A number of 
material properties can be assigned to this element, including Young’s modulus, thermal expansion, 
Poisson’s ratio, density. The nonlinear material characteristic of concrete, which is critical at high 
temperatures, can also be included. 
Table 5-4. Properties of SOLID65 elements in ANSYS. 
Element Details 
Name SOLID65 
Nodes 8 nodes  
I, J, K, L, M, N, O, P 
Degrees of freedom 3 (UX, UY, UZ) 
Material properties Young’s modulus, thermal expansion, Poisson’s ratio, density 
Loading Surface loads, body loads 
Output data Nodal displacements, Stresses, Strains 
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Figure 5-8. SOLID65 element [61]. 
The loading of this element can be assigned to the nodes or on the surfaces (Figure 5-8). The 
nodal temperature load can be assigned directly or input from the thermal analysis. Key relevant 
details of the SOLID65 element are provided in Table 5-4. 
5.3.2 Nonlinear analysis 
a. Nonlinear solution 
The total loading was gradually applied to the specimen in the finite element analysis. 
Therefore, the total load was divided in to a series of load steps. The stiffness matrix of the model 
was continuously updated to reflect the change of the structure properties before experiencing the 
next load steps. ANSYS [61] uses the Newton-Raphson method for adjusting the model stiffness 
(Figure 5-9). In this study, for concrete solid elements, force and displacement were the main factors 
for the convergence criteria, which is initially selected by the ANSYS. The solution convergence for 
the models is very difficult to achieve due to the nonlinear behaviour of the concrete specimen. The 
convergence tolerance limits were increased to a maximum of five times the default tolerance limits 
(0.5 % for force checking and 5% for displacement checking) to obtain convergence of the solutions. 
b. Mechanical model load step 
In ANSYS, the loading can be divided into load steps using the automatic time stepping option. 
The automatic time stepping increases the load increment up to a selected maximum load step size if 
the convergence behaviour is smooth by considering the previous solution history and the physics of 
the models. In case of the convergence of the model cannot be reached, the load step increment is 
divided until it is equal to a selected minimum load step size. The maximum and minimum load step 
sizes can be defined by using the number of sub-steps. In this study, the values of maximum and 
minimum sub-steps were defined as 25000 and 100, respectively. 
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Figure 5-9. Incremental Newton-Raphson Procedure [61]. 
5.3.3 Mechanical model geometry 
a. Loading steps and model geometry 
Concrete specimens were first heated to the target temperature using an incident heat flux, 
which was kept unchanged during heating procedure until the target temperature was reached. The 
heat flux was then removed, and the compression loading was applied immediately with a constant 
rate of displacement. Figure 5-10 shows two load steps from heating to crushing of the concrete 
specimen at elevated temperature. The end of load step 1 is at the target temperature, while the stop 
of load step 2 is the failure of the concrete specimen under compression. 
 
Figure 5-10. Two load steps for testing concrete. 
Figure 5-11 shows the schematic of a loaded concrete specimen at elevated temperature with a 
specific temperature gradient in the concrete specimen. The target temperature was determined at the 
position of a radial distance of 29 mm from the centreline of the concrete specimen. Despite the same 
target temperature, temperature profiles within the concrete specimen under different incident heat 
fluxes were very different, introducing the effect of temperature gradients on the concrete mechanical 
properties at elevated temperature. 
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Figure 5-11. Schematic of a loaded concrete specimen at elevated temperature. 
b. Mechanical boundary conditions 
Figure 5-12 shows the physical model of a quarter of the concrete specimen in ANSYS model. 
The physical model of concrete specimen contains four main flat surfaces (S1, S2, S3, S4), five main 
lines (L1, L2, L3, L4, and L5), and a curve surface on which to apply thermal loads. The structural 
boundary conditions were applied on the four flat surfaces, and five main lines. 
Table 5-5. Boundary conditions in the structural model. 
Load steps Lines/Areas/Point Constraints 
1 
(Heating concrete) 
L1, L4 UY = 0; UX ≠ 0 
L2, L5 UX = 0; UY ≠ 0 
L3 UX = 0; UY = 0 
P No displacement 
S2, S3 Symmetric 
2 
(Crushing specimen) 
L1, L4 UY = 0; UX ≠ 0 
L2, L5 
L3 
UX = 0; UY ≠ 0 
UX = 0; UY = 0 
S1, S4 Displacement 
S2, S3 Symmetric 
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Figure 5-12. A quarter of the specimen – finite element model. 
The load steps are discussed in previous Section. The structural boundary condition of the 
specimen, therefore, needed to be defined for the two separate load steps. Table 5-5 summarises the 
constraint of the structural model for the two load steps. 
In the first step (heating to target temperature), the concrete specimen was allowed to expand 
freely due to the effect of temperature. In addition, the thermal boundary condition and concrete 
specimen geometry were symmetric. Furthermore, the effect of the concrete self-weight was 
neglected during heating. The structural boundary condition of the specimen in the first step was 
defined as: 
- S3 and S4 were free to move; 
- L3 had no displacement along X- and Y-axes; 
- S2 and S3 were surfaces of symmetry; 
- Mid-point P was fixed in all directions; 
- L1 and L3 had no displacement along Y-axis; 
- L3 and L5 had no displacement along X-axis. 
In the second load step, the heated concrete specimen was then loaded until failure using 
displacement control. The structural boundary condition for the second load step was defined as: 
- The symmetry of concrete specimen on surface S2, and S3 was kept unchanged through both 
load steps. 
- The constraint at point P was removed. 
- Line L1, and L4 had no displacement along the Y-axis. 
- Line L2, and L5 had no displacement along the X-axis. 
- Both surface S1 and S4 were exposed to a compression load by applying the displacement 
rate on these two surfaces. The displacement of these both surfaces was assigned as haft of 
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the maximum displacement of the concrete specimen in a compression test. The displacement 
of S4 was applied in the negative direction along the Z-axis, while the displacement of S1 was 
applied in the positive direction of Z-axis. 
c. Mechanical properties of concrete using Eurocode 2 
In this study, the mechanical properties of concrete under compression were defined and 
assigned to the 3D-model in ANSYS using two different sources: European Standard [40], and 
experimental results. The Eurocode Standard was used in this study because the code introduces a 
general model for concrete at elevated temperatures by not differentiating between aggregate type 
and strength classification. The experimental results were used to validate and compare with the 
current model and to clarify the effect of temperature gradients on the behaviour of concrete at 
elevated temperatures. 
The compressive stress-strain curves of concrete in this study were developed using the 
equation from Eurocode 2 European Standard [40]. The concrete strength at ambient temperature was 
97 MPa. The values for the main parameters of the stress-strain relationships of concrete is 
summarized in Table 5-6:  
Table 5-6. Values for stress-strain parameters of the stress-strain relationship. 
Temp. εc1,T f'c,T/f’c f'c 
[°C] [-] [-] MPa 
25 0.0025 1.00 97.0 
100 0.0040 1.00 97.0 
200 0.0055 0.97 94.0 
300 0.0070 0.91 88.3 
400 0.0100 0.85 82.5 
500 0.0150 0.75 72.8 
600 0.0250 0.60 58.2 
The mathematical model for the stress-strain relationships of concrete from European Standard 
[40] is summarized in the Equation 5-6. The descending part of stress-strain relationships is not 
mentioned in this study. The properties of concrete after peak stress were defined as plasticity 
properties. The Young’s modulus of concrete was determined using the results from the stress-strain 
curves. 
Equation 5-6 
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Figure 5-13 shows the compressive stress-strain relationships of concrete at an elevated 
temperature based on the parameters from European Standard [40]. 
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Figure 5-13. Compressive stress-strain curves at elevated temperatures based on European 
Standard [40]. 
The mechanical properties of concrete using this model were assigned to the 3D model in 
ANSYS. The results from the 3D model were used to compare with the results of the experimental 
study.  
5.3.4 Mechanical behaviour of concrete under compression using Eurocode 2 
In this numerical model, the standard concrete specimen (Ф100×200mm) was considered to 
examine the behaviour of concrete at elevated temperatures in uniaxial compression. In this model, 
the concrete specimen was modelled and analysed under the combination of compressive loading and 
heating. A stress-strain behaviour up to the peak stress of concrete was input into the model while the 
softening behaviour was not input. The behaviour of concrete after the peak stress was defined as 
plasticity behaviour. The concrete was subjected first to a uniform temperature while free to expand 
until the difference between the core and the surface of the specimen was less than 10°C in order to 
achieve the uniform temperature along the specimen radius. The concrete specimen was then 
subjected to mechanical strain.  
To evaluate the behaviour of the concrete specimen under the temperature thermal boundary 
condition, the concrete specimen was modelled to be heated to different target temperatures (i.e., 100, 
200, 300, 400, 500, and 600°C) uniformly while free to expand, and then subjected to mechanical 
strain. The stress-strain relationship found within the concrete specimen throughout the tests was 
computed. 
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Figure 5-14. The stress-strain curves of the concrete specimen in ANSYS model using zeros-
temperature gradients. 
As can be seen from Figure 5-14, the stress-strain curve of every point in the model followed 
the material property curves of concrete using Eurocode 2. When heating starts, the strain of concrete 
specimen increased while the average stress in the concrete specimen was equal zero because the 
concrete specimen was assigned to have free expansion (no internal stress).  
On loading, the behaviour of the concrete specimen follows the shape of each target mechanical 
properties curve using Eurocode 2; however, these stress-strain curves are offset by the value of 
thermal strains resulted from the heating load. In the case of no thermal strain, the stress-strain curve 
of concrete specimen follows the target temperature material properties curves in Eurocode 2 exactly. 
The results from this first series of numerical modelling demonstrate that the high reliability of 
numerical model of the concrete specimen at elevated temperatures in the case of zero temperature 
gradient effects as evidenced by the similar trend of the average stress-strain behaviour of the concrete 
specimen under heating and loading. This model therefore can be developed to study the effect of 
temperature gradient on the average stress-strain behaviour of the concrete samples at elevated 
temperature. The detail of the stress-strain behaviour of the concrete specimen under non-zero 
temperature gradients is discussed in next section. 
5.3.5 Mechanical behaviour of concrete under the effect of temperature gradients 
The numerical model of zero temperature gradient effect was then developed by changing the 
thermal boundary condition from zero temperature gradient to non-zero temperature gradient effects. 
The mechanical data of the concrete specimens was then collected and compared with each other, as 
well as the data of the zero temperature gradient effects.  
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The thermal boundary condition was changed by defining different uniform incident heat fluxes 
on the surface of the concrete specimens as discussed in Section 5.2.3 and 5.2.4. Figure 5-15 and 
Figure 5-16 show the radial thermal stress profiles and the compressive stress profiles of the concrete 
specimens at a target temperature of 300°C under different incident heat fluxes (HF20, HF30, and 
HF40). 
 
Figure 5-15. Thermal stress profiles under different heat fluxes at the target temperature of 300°C. 
As expected, at the same average target temperature, the higher the heat flux, the higher the 
temperature gradient and the greater the associated stress and stress gradient. The effect of self-weight 
of the concrete specimen in this study is negligible; the radial thermal stress is therefore similar along 
the height of the concrete specimen. 
The thermal gradients cause different deformations at the centreline and surface of the concrete 
specimen, possibly leading to an uneven top and bottom surfaces of the concrete specimen if the angle 
between two points on the surface is greater than 2° [74]. In this study, the maximum angle, which is 
determined as the difference in deformation between the centreline point and the point at the surface 
of the specimen, is smaller than 2°, prompting the flat surface of the specimen at the beginning of 
loading despite the existence of temperature gradients. 
Figure 5-16, Figure 5-17, and Figure 5-18 show the stress profiles of the concrete specimens 
under different heat fluxes at different levels of loading (0.5, 1, and 2 mm of displacement). As clearly 
evidenced, for the same level of mechanical loadings and at the same target temperatures, different 
levels of incident heat flux may cause significantly different stress profiles, and thus potentially 
considerably different thermal and structural behaviour.  
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Figure 5-16. Stress profiles at the displacement of 0.5 mm under different temperature gradients. 
 
Figure 5-17. Stress profiles at the displacement of 1 mm under different temperature gradients. 
 
Figure 5-18. Stress profiles at the displacement of 2 mm under different temperature gradients. 
However, such effects of temperature gradients have not been captured in currently available 
models, typically Eurocode 2. Figure 5-19, Figure 5-20 and Figure 5-21 show the comparison 
between the stress-strain relationship of concrete at the same target temperatures, but different 
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temperature gradients along the concrete specimen radius. As can be seen from these figures, the 
effects of temperature gradients on the stress-strain relationship of concrete is significant. As 
evidenced, the average stress-strain behaviour of concrete is not identical in all thermal boundary 
conditions, highlighting the effect of temperature gradients on the concrete specimen performance at 
elevated temperatures. 
 
Figure 5-19. Stress-strain relationship of concrete under different heating conditions at the target 
temperature of 150°C. 
 
Figure 5-20. Stress-strain relationship of concrete under different heating conditions at the target 
temperature of 300°C. 
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Figure 5-21. Stress-strain relationship of concrete under different heating conditions at the target 
temperature of 450°C. 
5.3.6 Comparison of the model and experimental results 
The load-displacement curves obtained from the ANSYS model of the specimen were 
compared with the experimental results in Figure 5-22, Figure 5-23, and Figure 5-24, respectively. 
The comparison of these figures shows the limitation of the current model cannot capture the effect 
of the temperature gradient. 
 
Figure 5-22. The load-deformation behaviour of the concrete specimen at150°C under different 
incident heat fluxes – numerical model versus experiments. 
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Figure 5-23. The load-deformation behaviour of the concrete specimen at 300°C under different 
incident heat fluxes – numerical model versus experiments. 
 
Figure 5-24. The load-deformation behaviour of the concrete specimen at 450°C under different 
incident heat fluxes – numerical model versus experiments. 
As shown in these figures, the peak stress of the concrete specimen at the target temperatures 
is significantly smaller than the peak stress of concrete in the ANSYS model at 150°C. This huge 
difference is due to the ANSYS incapacity to capture the effect of heating rate in the mechanical 
properties of concrete.  
Meanwhile, the peak stress of the concrete specimen in the experimental study is slightly 
smaller than the peak stress of the concrete in the ANSYS model at 300 and 450°C. The physico-
chemical change of concrete at these target temperatures appears to have less significant effects than 
at 150°C. 
The overall load-deformation curve of the concrete specimen shown in these three figures above 
also highlight the effects of the temperature gradient. The concrete specimen in the experimental 
study appears to have the same average Young’s modulus at the beginning of compression procedure.  
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However, the average Young’s modulus of concrete was then increased, much higher than the data 
collected from the ANSYS model. 
5.4 Summary 
This Chapter has presented the sequential coupling thermal and structural analysis of the 
concrete specimen heated by different incident heat fluxes and different uniform temperatures using 
ANSYS.  The temperature profiles in the concrete specimen collected from the thermal analysis have 
shown that the model can accurately predict the temperature development at the surface of the 
concrete specimen (compared to experimental data). However, the temperature development in the 
middle and centreline are not well captured by the ANSYS model because the current model has not 
taken the physico-chemical change of concrete into account.  
The mechanical data collected from this numerical modelling has shown that the current 
constitutive model (i.e. Eurocode 2) has well captured the behaviour of the concrete specimen heated 
by uniform temperature through the specimen radius. However, under the effect of incident heat 
fluxes associated with temperature gradients, the current constitutive model of concrete cannot 
describe the stress-strain behaviour and the performance of the concrete specimens. This is possibly 
due to the fact that the current constitutive model does not consider the effect of temperature gradients 
in the mechanical properties of concrete at elevated temperatures. 
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6.1 Summary and conclusions 
6.1.1 Summary 
The outbreak of fire in concrete structures can have serious consequences, including structural 
damage, loss of property, business interruption, and possibly loss of life. Therefore, the detailed 
knowledge of the fundamental performance of concrete at elevated temperatures is crucial.  
As reviewed in Chapter 2, the performance of concrete at elevated temperatures is dependent 
not only on the physico-chemical changes of aggregates, hydrated cement paste, and the interfacial 
transition zone between those two phases, but also on the complex interaction between these changes. 
However, the fundamental properties of concrete at elevated temperature is highly scattered in many 
extensive research projects over the past decades due to the inconsistent thermal boundary conditions 
experienced by concrete in the conventional tests. As a result, the effect of temperature gradients 
within concrete on its fire performance has not been well investigated. This gap of knowledge is 
urgently needed in transition to performance-based design. In order to study the effect of temperature 
gradients on mechanical properties of concrete, the incident heat flux is suggested to be used as the 
main parameter of study instead of using a temperature boundary condition.  
Chapter 3 described the combination of the analytical study and numerical study to predict the 
temperature development in a standard cylindrical specimen (Ф100×200mm) under different heat 
flux boundary conditions, including constantly absorbed heat flux, and time-dependent absorbed heat 
flux. The weighted average temperature was calculated and suggested to be used as a representative 
temperature of non-uniform temperature distribution within the concrete specimen. The position of 
the weighted average temperature was then determined to locate the thermocouples in experimental 
studies. 
Chapter 4 described the experimental apparatus and procedure used to create a consistent 
incident heat flux boundary condition and to study the effects of temperature gradients on the 
mechanical properties of high strength concrete at 150, 300, 450, and 600°C. The data collected was 
then analysed and discussed to highlight the improvement of thermal boundary conditions and to 
evaluate the effect of temperature gradients on the mechanical properties of concrete. 
Chapter 5 reported a numerical model using ANSYS in which the sequential thermal-
mechanical coupling model was developed to predict temperature distribution in concrete and the 
mechanical properties of concrete at a target temperature under different incident heat fluxes. 
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6.1.2 Conclusions 
The major contributions of the research reported in this thesis can be summarised as follows. 
i. The temperature development within a cylindrical concrete specimen under a uniform 
incident heat flux has been investigated using the combination theory of heat and mass 
transfer, finite difference method, and finite element method. The results from those 
methodologies are in good agreement, providing high confidence to evaluate the thermal 
properties of concrete at elevated temperatures. The weighted average temperature of non-
uniform temperature distribution and its position have been mathematically determined, 
suggesting a representative temperature and position for cylindrical specimens at elevated 
temperatures in an experimental study. 
ii. Highly consistent and repeatable heat flux thermal boundary conditions have been 
established using the unique radiant panel system. The incident heat flux has been suggested 
to be used as a main parameter of fire when studying the performance of concrete at elevated 
temperatures. 
iii. A series of unstressed tests has been carried out to study the effect of temperature gradients 
on mechanical properties of HSC (80 MPa) using a consistent incident heat flux boundary 
condition. A major conclusion of the study is that the temperature gradients appear to have 
significant effects on mechanical properties of concrete at elevated temperatures. 
iv. A sequential thermal-mechanical coupling has been developed in ANSYS to study the 
performance of concrete cylinders to highlight the effects of temperature gradients. A major 
conclusion of the study is that the constitutive model of concrete should include the effect 
of temperature gradients.   
6.2 Suggestions for further study 
The results of the analytical, experimental and numerical studies of this thesis, which are 
summarised in the Section 6.1.1, have satisfactorily accomplished the intended objectives outlined in 
Section 1.2 of Chapter 1. However, as the performance of concrete at elevated temperatures is a 
complex problem, many areas should be investigated further. Some recommended further work is 
outlined below. 
i. The objective of this thesis was to establish a reliable, repeatable, consistent thermal 
boundary condition using incident heat flux as the main parameter. The cylindrical 
specimen has been tested under three incident heat fluxes (HF20, HF30, and HF40). To 
study the effect of other heat flux intensities, a better radiant panel system should be 
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designed to increase the view factor between the specimen and the panel surfaces, or to 
increase the heat flux intensities of the panels while keeping a uniform heat flux around the 
curved surface. 
ii. The measurement of strain of the concrete at elevated temperatures is a challenge, and the 
strain of concrete in this study has been determined using the indirect method, which can 
have some errors. Therefore, a better strain acquisition system should be established to 
measure the strain of concrete during heating and compressing.  
iii. The thermal properties of concrete in this study have been adopted using some available 
models from literature, which can be a source of errors when determining temperature 
development in numerical modelling. Therefore, the thermal properties of concrete should 
be determined experimentally before being used as input data for numerical modelling. 
iv. The other types of tests (stressed, residual unstressed test) should be investigated using 
incident heat flux as the thermal boundary condition.  
v. A better numerical model should be developed to capture the descending behaviour of 
concrete under compression tests. 
vi. This study has only focused only on one concrete mix design. Other mix designs should be 
investigated. 
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